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The  Smoke/Obscarants  Symposium  V,  held  on  2B,  29  and  30  April  19&1  Is  the  fifth  sponsored  by  my 
office  and  held  at  the  Marry  Diamond  Laboratories.  Fifty-two  papers  were  presented  at  this 
*  Symposium.  This  number  Is  only  60  percent  of  the  acceptable  papers  that  were  submitted.  In  order 
that  a11  papers  of  merit  and/or  Interest  might  come  to  the  attention  of  the  Smoke/Obscurant  and 
Electro-Optical  comnunltles ,  all  such  papers  are  Included  In  these  Proceedings. 

The  Proceedings  of  the  Smoke/Obscurants  Symposium  V  are  being  published  In  three  parts.  These  are 
an  Unclassified  Section,  Volumes  1  and  11  of  Technical  Report  DRCPM-SMK-T-001-81 ;  a  Confidential 
Section,  Technical  Report  DRCPM-SMK-T-002-81 ;  and  a  Restricted  Addendum,  Technical  Report 
ORCPM-SMK-T-003-81. 

From  the  comments  received  from  attendees,  Smoke  Symposium  V  was  an  outstanding  success,  as  was  Its 
predecessors.  As  In  previous  years,  however.  It  remains  our  challenge  to  convert  the  developing 
technical  Information  discussed  In  the  Symposia  and  Proceedings  Into'flelded  combat  capabilities,  In 
this  regard  an  ever-increasing  emphasis  must  be  placed  on  doctrine  and  training  and  the  development 
of  smoke  and  obscurants  In  tactical  scenarios. 

Appreciation  Is  due  Major  General  Light  for  his  keynote  address  highlighting  the  past  year's  events 
and  outlining  our  future  challenges.  We  wish  to  thank  the  organizers,  the  authors,  the  editors,  the 
participants  and  the  presenters  for  their  contributions  to  the  success  of  this  Symposium  and  Its 
Proceedings.  Finally,  I  wish  to  express  my  appreciation  to  Harry  Diamond  Laboratories  and  ERADCOM 
for  continuing  to  host  the  Symposium. 


SAMUEL  L,  EURE 
Colonel,  GmIC 
Project  Manager 
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MG  Allen  H.  Light,  Jr. 

Commander,  ARRADCOM 
Dover,  New  Jersey  07801 

Good  Afternoon  Ladles  and  Gentlemen  1 

It  1s  a  great  pleasure  for  me  to  be  here  and  to  have  the  opportunity  to  address  the  Army's 
Fifth  Smoke  Symposium,  This  Is  the  first  Smoke  Symposium  that  I  have  been  able  to  attend.  I  have 
been  Informed  that,  thus  far.each  Symposium  has  been  better  than  the  previous  one.  This  Symposium, 
which  began  In  1977  as  a  small  forum  for  discussions  on  Army  smoke  materiel  and  the  direction  which 
the  Smoke/Obscurants  program  should  move,  has  grown  In  size  and  Importance.  Today,  It  provides 
the  principal  medium  for  discussing  and  disseminating  technical  and  operational  Information  on 
the  effects  of  both  man-irade  and  natural  obscurants  on  electro-optical  devices.  Smoke  Symposium  V 
Is  a  very  Important  event,  and  I  thank  you  for  your  participation.  1  especially  acknowledge  the 
attendance  and  participation  of  our  Allies. 

Over  the  past  year,  as  shown  In  Figure  1, several  significant  accomplishments  and  actions  have 
occurred  which  provide  new  strength  and  direction  to  the  Army  Smoke/Obscurants  program.  First 
there  was  a  management  realignment  last  summer  In  which  the  Office  of  the  Project  Manager  Smoke/ 
Obscurants  was  assigned  to  my  command,  ARRADCOM.  For  the  first  time,  PM  Smoke  Is  a  member  of  the 
same  command  as  the  development  laboratories  which  have  primary  responsibility  for  smoke/aerosol 
technology  and  smoke  material  developments- -Chemical  Systems  Laboratory  and  Large  Caliber  Weapons 
Systems  Laboratory,  That  management  change  and  other  actions  which  1  w1 11  subsequently  mention 
will  make  1980-81  as  significant  for  the  Smoke/Obscurants  program  as  was  1976, when  the  Army  Vice 
Chief  of  Staff  directed  the  establishment  of  OPM-Smoke. 

Perhaps  the  most  significant  and  far-reaching  event  was  the  1980  Chemical  Systems  Program 
Review, which,  for  brevity,  we  call  the  CSPR.  The  Vice  Chief  of  Staff  of  the  Army  hocted  a  review 
of  the  Army's  chemical  warfare,  chemical  and  biological  defense  and  smoke  systems  In  May  of  1980. 

At  that  review,  I  chaired  a  general  officer  panel  which  was  concerned  with  smoke  operations.  New 
thrust  and  emphasis  have  been  placed  on  the  Army  smoke  program  as  a  result  of  the  CSPR.  Figure  2 
summarizes  the  key  smoke  and  obscurants  actions  which  will  be  directed  by  the  Army's  Chemical 
Action  Plan.  In  response,  ARRADCOM  elements  must  have  new  and  enhanced  programs  created  to  meet 
future  threats  and  to  provide  new  capabilities  to  the  Army. 
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In  the  case  of  the  smoke  program,  the  Chemical  Systems  Program  Review  Identified  a 
need  to  enhance  and  expedite  our  planned  developments  In  Infrared  defeating  munitions  and  materials, 
with  particular  attention  to  our  capability  to  project  those  materials  on  enemy  forces.  The  CSPf!  also 
Identified  the  need  for  preparation  of  an  enhanced  Smoke  Technology  Base  Program  to  Intensify  the 
search  for  better  IR  defeating  materials.  The  Smoke  Tech  Base  Program  plan  has  been  prepared,  staffed 
within  DARCOM  and  TRADOC,  and  briefed  at  HQ,  ARRADCOM  and  HQ,  DARCOM.  The  program  plan  will  be 
forwarded  through  channels  for  approval. 

TRADOC,  In  their  response  to  the  directions  of  the  Chemical  Systems  Program  Review,  took 
certain  actions.  The  most  significant  for  the  smoke  program  was  the  approval  of  a  smoke  operational 
concept.  TRADOC  published  a  concept  for  the  employment  of  smoke  In  September  19B0,  This  document 
Is  pivotal  In  Insuring  that  the  Array  Is  prepared  to  effectively  use  obscurants  In  battle  and,  at  the 
same  time,  cope  with  the  rigors  of  operations  under  obscured  conditions.  In  the  smoke  concept, 
several  roles  for  the  application  of  smoke  have  been  reemphasized  and  several  new  applications  for 
smoke  have  been  Identified.  They  will  Impact  both  on  the  smoke  technology  program  and  the  material 
development  program  In  the  coming  years.  The  smoke  concept  also  provides  a  foundation  for  the 
Integration  of  the  employment  of  smoke  Into  combined  arms  tactics  and  doctrine.  One  of  the  priority 
recommendations  of  the  Chemical  SPR  action  plan  Is  to  use  the  concept  as  a  foundation  for  a  revision 
of  "How  to  Fight"  manuals  to  Insure  that  the  Integrated  employment  of  smoke  and  obscurants  Is  Included 
In  those  manuals. 

We  see  growing  from  these  actions  Increased  needs  for  materiel  support  for  training.  COL  Eure's 
office  Is  now  studying  requirements  and  planning  for  the  support.  One  action  which  will  place 
heavy  demands  for  support  of  training  1n  obscured  environments  Is  the  National  Training  Center. 

The  past  year  has  seen  tremendous  progress  towards  the  Implementation  of  the  National  Training  Center 
Concept  by  a  combined  TRADOC/ FORSCOM  management  team.  The  National  Training  Center  will  provide 
unparalleled  opportunity  for  training  our  soldiers  under  realistic  battlefield  conditions.  Including 
smoke.  Not  only  will  units  be  able  to  maneuver  through  realistic  scenarios  using  their  principal 
weapons  systems  In  a  combined  arms  approach,  but  they  will  be  able  to  do  so  under  conditions  as 
realistic  as  Is  safely  achievable  using  modern  technology.  The  center  will  provide  soldiers  an 
opportunity  to  experience  obscured  environments  as  well  as  to  employ  obscurants  In  a  tactical  setting. 
Short  of  actual  combat,  the  Army  has  never  had  the  training  opportunity  such  as  that  presented  at 
the  National  Training  Center, 
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with  respect  to  force  structure,  we  have  recently  seen  a  number  of  concepts  implemented. 

I  want  to  briefly  mention  the  Rapid  Deployment  Force  (RDF),  the  High  Technology  Test  Bed,  and  some  of 
the  other  force  structure  changes  which  are  impacting  on  the  Army  Smoke/Obscurants  Program. 

First  the  RDF.  The  formation  of  the  RDF  presents  some  definite  advantages  for  the  Army  In 
light  of  the  objectives  of  having  a  highly  mobile,  yet  highly  survivable  strike  force.  PM  Smoke  has 
been  Invited  by  OSD  to  participate  In  RDF  matters  and  has  devoted  a  considerable  amount  of  thought 
and  Initiative  In  Identifying  smoke  munitions/material  which  can  enhance  the  survivability  of  forces 
such  as  the  RDF.  Uelook  forward  to  continued  efforts  to  this  end. 

The  High  Technology  Test  Bed,  operated  by  the  9th  Infantry  Division,  Fort  Lewis,  Offers  unique 
opportunities  to  evaluate  new  force  structure  concepts  and  materiel  to  support  those  concepts. 

In  the  future,  we  hope  to  have  the  opportunity  to  test  smoke  systems  such  as  the  smoke  girsnade 
launchers,  the  visual  through  near-IR  L8A1  grenade,  the  SM76  far-infrared  defeating  grenade,,  the 
SM49  smoke  generator,  and  other  smoke  devices  and  concepts  using  the  High  Technology  Test  Bed  as 
a  vehicle  for  those  evaluations.  Those  evaluations  will  clearly  demonstrate  the  contribution  smoke  can 
make  to  enhance  survivability. 

Other  force  structure  changes  Include  formation  of  the  2d  Chemical  Battalion  (Smoke  Generator) 
and  approval  of  Army  86  concepts.  The  Army  86  concepts  Include  significant  Increases  In  smoke  force 
structure  1n  the  form  of  Increased  smoke  generator  companies  and  battalion  headquarters  and  head¬ 
quarters  detachments  at  the  corps  level.  The  Division  86  concept  Includes  provision  for  a  smoke 
generator  platoon  at  the  division  level  as  a  part  of  the  Division  86  NBC  Company. 


In  September  of  this  year,  the  Army  Is  scheduled  to  activate  a  chemical  smoke  generator  battalion, 
which  Is  the  first  smoke  generator  battalion  the  Army  will  have  had  for  almost  10  years.  See 
Figure  3.  Formation  of  the  Second  Chemical  Battalion,  comprised  of  four  separate  smoke  generator 
companies  and  battalion  headquarters  and  headquarters  detachment. will  provide  Improved  smoko  employ 
ment  capabilities  sorely  needed  by  the  Army.  The  Second  Chemical  Battalion  elements  will  be  stationed 
throughout  the  country.  Besides  providing  substantial  combat  smoke  capability  In  the  event  of 
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deployment  of  the  Battalion,  the  units  will  also  provide  a  substantial  asset  for  the  training  of 
Army  units  under  obscured  conditions. 

Our  Smoke  Materiel  Development  Program  Is  continuing  to  show  good  progress.  We  can  provide 
more  effective  screening  and  obscuration  In  the  visual  and  near-infrared  regions  of  the  spectrum 
with  the  application  of  the  submun1t1on  concept  to  smoke  anmunltion.  Tlie  submunition  concept 
provides  more  smoke  for  longer  duration,  markedly  reducing  the  logistics  burden  which  standard  smoke 
ammunition  Imposes  upon  battlefield  commanders.  1981  saw  the  Initial  production  of  our  first 
smoke  submunition  amnunitlon  Item,  the  M2S9,  2.7S  Inch  smoke  rocket,  The  M2S9  will  give  the 
anpy  a  new  and  exceptionally  effective  smoke  capability.  This  yeag  another  submunition  amnunitlon 
Item,  the  XM819  81MM  mortar  round,  began  full  scale  engineering  development,  and  the  XMe26  155MM 
smoke  projectile  will  begin  OTll/OTIl  testing.  For  far-IR  screening  and  obscuration,  advanced 
development  continues  on  the  XM76  grenade  and  XM49  generator  systems,  which  will  provide  our  first 
far-infrared  screening  capabilities.  Next  year,  we  will  be  inltating  advanced  development  programs 
on  other  IR  defeating  systems  and  will  provide  an  IR  candidate  and  participate  In  the  NATO  field 
trials. 

Field  experiments  and  field  tests  are  of  great  significance  to  the  Smoke/Obscu rants  and  Electro- 
Optical  community,  The  most  comprehensive  field  test  conducted  over  the  past  year  was  Smoke  Week  III, 
which  was  held  In  August  1980  at  Eglin  Air  Force  Base.  There  were  42  different  obscurant  trials 
conducted, using  18  obscurants  In  which  35  electro-optical  devices  were  evaluated.  Among  the  many 
accomplishments  was  the  demonstration  of  the  effectiveness  of  Improved  laser  guided  projectile 
logic, 

Smoke  Weeks  concentrate  on  Intentional,  man-made  obscuration.  Twn  other  tests  were  performed 
In  the  field  this  year  which  concentrated  on  natural  and  unintentional  obscuration.  The  first, 
sponsored  by  the  Corps  of  Engineers,  was  the  Scenario  Normalization  for  Operations  In  Winter 
Obscuration  and  the  Natural  Environment  (Snow  I  Series).  The  second,  the  Dusty  Infrared  Transmission 
Test  III,  DIRT  III,  sponsored  by  the  Atmospheric  Sciences  Laboratory,  was  conducted  at  Folt  Polk, 
Louisiana.  In  the  first  test, we  were  concerned  primarily  with  the  effect  of  snow  and  other  forms 
of  winter  natural  obscuration  on  the  propagation  of  electromagnetic  radiation.  In  the  second, 
propagation  of  electromagnetic  radiation  through  the  dust  and  debris  that  results  from  artillery 
explosions  was  evaluated.  Presentations,  scheduled  to  be  given  later  In  the  Symposium,  will  high¬ 
light  results  of  those  tests. 


xvl  11 


Has  Obscurants/F.O  field  testing  Increased  the  combat  readiness  of  the  Array?  From  all  Indications, 
I  believe  so,  The  field  soldier  has  benefitted.  Changes  In  obscuring  materials  and  dissemination 
techniques  tested  at  the  Smoke  Weeks  are  being  provided  to  the  soldier  In  the  field  In  various  Tortus 
to  enable  him  to  evade  detection  by  enemy  target  acquisition  devices  and  to  neutralize  ATQM's. 

Modelers,  wargamers,  and  major  systems  developers  have  also  benefitted.  Improvements,  being  made 
to  COPPERHEAD  and  TOW  as  a  result  of  testing  In  obscurants,  will  turn  misses  Into  hits.  HELLFIRL 
will  be  capable  of  destroying  more  enemy  tanks  because  of  changes  brought  about  by  testing  In 
battlefield  obscurants.  Finally,  our  own  target  acquisition  and  detection  devices  will  have  their 
operational  performance  envelope 'more  clearly  defined. 

In  the  next  two  days,  you  will  have  the  opportunity  to  hear  many  fine  papers  presented  by  experts 
In  their  fields.  It  Is  my  fervent  hope  that  you  will  find  your  interest  stimulated,  your  curiosity 
piqued,  some  of  your  conclusions  questioned,  and  certainly  your  knowledge  broadened.  A  lot  of 
Information  will  be  beamed  In  your  direction.  However,  It  Is  extremely  Important  that  eveyone  keep 
the  gnal  clearly  In  focus— that  goal  being  to  provide  an  Improved  combat  capability  for  US  and  Allied 
forces.  As  you  leave  this  Symposium,  ask  yourself,  "What  have  I  learned  here  which  can  be  converted 
Into  an  enhanced  combat  capability?"  If  one  clear  and  practical  Idea  comes  to  mind,  then  I  would 
consider  Smoke  Symposium  V  to  have  been  a  success.  I  give  you  my  best  wishes  to  that  and. 


SMOKE  PROGRAM  ACCOMPLISHMENTS 


•  MANAGEMENT  REALIGNMENT 

•  CHEMICAL  SPR 

•  FORCE  STRUCTURE  ACTIONS 

•  MATERIEL  DEVELOPMENT  PROGRAMS 

•  COUNTERMEASURES  TESTING 

SMOKE  SYMPOSIUM  V 


FIGURE  1.  SMOKE  PROGRAM  ACCOMPLISHMENTS 


KEY  CSPR  SMOKE  AND  OBSCURANT  ACTIONS 


DOCTRINE  •  PREPARE  AND  APPROVE  SMOKE  CONCEPT 

•  INTEGRATE  SMOKE  EMPLOYMENT  INTO  MANUALS 

EQUIPMENT  •  DEVELOP  IR  DEFEATING  SYSTEMS 

•  EXPEDITE  DEVELOPMENT  OF  IMPROVED  VISUAL  AND  NEAR  IR 

DEFEATING  SYSTEMS 

•  EXPEDITE  APPLICATION  OF  PROTECTIVE  SMOKE  SYSTEMS  TO 

THE  COMBAT  VEHICLE  FLEET 

TRAINING  •  ACCOMPLISH  ARTEP  PRIMARY  MISSION  TASKS  IN  SMOKE 

•  INCLUDE  SMOKE  PLAY  AT  NATIONAL  TRAINING  CENTER 

•  DEVELOP  SIMULATIONS  WHICH  INCLUDE  OBSCURATION  FOR 

TRAINING  WITH  ELECTRO-OPTICAL  DEVICES 

FORCE  STRUCTURE  •  ACTIVATE  MORE  SMOKE  COMPANIES  AND  BATTALION 

HEADQUARTERS 

•  INCLUDE  SMOKE  GENERATOR  CAPABILITY  IN  DIVISIONS 

•  MOUNT  SMOKE  GENERATOR  COMPANIES  IN  TRACKED  VEHICLES 


FIGURE  2.  KEY  CSPR  SMOKE  AND  OBSCURANT  ACTIONS 
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REMARKS  ATJHE^CLOSING: 

COL  (Ret.)  Henry  R.  Shelton 
Systems  Plannintj  Corp. 

Arlington,  VA  22209 

When  I  started  the  PM  Smoke  office  six  years  ago,  1  found  three  diverse  communities  within  the 
Army  that  had  their  own  parochial  Interests.  First,  the  technical  rommunlty  of  sub-cultures  devoted 
to  smoke  development,  modeling,  and  testing.  Second,  the  user,  who  knew  he  had  a  problem  but  not 
what  It  was  all  about,  Somewhere  In  between  was  a  third  conmunlty  made  up  of  design  engineers 
who  were  working  on  sophisticated  sensors  and  guidance  systems. 

The  last  three  days  I  have  listened  to  outstanding  scholastic  presentations  from  the  technical 
community,  but  the  alarming  trend  seems  to  be  emphasis  on  a  precise  scientific  answer  to  very 
Imprecise  activities.  Secondly,  there  appears  to  be  a  lack  of  communications  with  the  user. 

What  I  mean  by  that  coiranent  Is  the  scientific  community  must  tell  the  user  how  these  technological 
breakthroughs  can  be  used  to  solve  user  deficiencies.  One  exception  to  these  caustic  comments  Is 
In  the  test  area  where  the  Martin-Marietta  presentation  on  the  fix  to  the  COPPERHEAD  seeker  was 
an  excellent  example  of  the  payoff  from  Smoke  Week  testing.  In  this  example,  hardware  performance 
was  tested  1n  a  field  environment,  deficiencies  recorded,  and  engineering  solutions  undertaken  to 
Improve  seeker  performance  without  trying  to  scientifically  define  every  detail  of  the  problem, 

Next,  I  am  most  concerned  about  the  Imbalance  In  the  representation  at  this  symposium  In 
the  lack  o(  user  representatives  and  the  design  engineers.  This  Is  not  Intended  as  a  criticism  of 
the  presentations  given  by  representatives  of  the  US  Army  Chemical  School  and  MICOM,  but  the  facts 
remain  that  they  were  overshadowed  by  sheer  numbers  of  technically  oriented  papers. 

This  leads  to  what  1  believe  to  be  a  two-way  problem.  The  first,  the  science  and  technology 
coimiunlty  failure  to  communicate  to  the  user  technological  opportunities  and  what  they  might 
contribute  on  the  battlefield.  The  second,  the  user  coirmunlty's  failure  to  communicate  the  specific 
battlefield  conditions  where  obscurants  could  be  used  as  a  combat  multiplier.  This  Includes 
broad  requirements  In  terms  that  the  science  and  technology  coimiunlty  can  understand. 

In  conclusion,  I  have  a  prediction  to  make.  That  Is,  the  resource  support  of  the  tech  base, 
which  has  been  substantial  In  the  last  few  years,  will  evaporate  due  to  Its  own  hot  air  unless  the 
user  Is  brought  Into  focus. 


CLOSING  REMARKS ; 

SMOKL  SYMPCSIUM  V 

COL  Samuel  L.  Lure 
Project  Manager,  Smoke/Obscurants 
Aberdeen  Proving  Ground,  Maryland 

Gentlemen; 

I  won't  take  too  much  of  your  time.  I'm  sure  you  want  to  get  on  the  road. 

Thank  you  for  your  participation  in  Smoke  Symposium  V.  Thanks  to  you  we  can  declare  the 
Symposium  a  success.  I  want  to  especially  thank  the  authors  and  presenters  for  their  time  and 
efforts.  I  also  want  to  recognize  Ur.  Ron  Kohl  and  his  crew  from  the  University  of  Tennessee 
Space  Institute  for  their  superb  Job  in  organizing  and  conducting  this  Symposium.  Dr.  Kohl 
wanted  me  to  be  sure  to  also  recognize  the  stand-by  presenters.  They  prepared  talks  with  little 
assurance  of  being  able  to  present  them.  Their  availability  contributed  significantly 
to  the  success  of  the  Symposium, 

Dr.  Kohl  has  said  that  we  are  a  community  which  "Lets  1t  all  hang  out".  This  may  have 
startled  some  of  you  who  have  not  been  to  Smoke  Symposiums  previously.  I  believe  that  this 
attitude  is  one  of  the  factors  which  contributes  to  the  success  of  the  Symposium  and  our  programs. 

I  thought  you  might  be  interested  in  some  statistics  which  demonstrate  the  success  of  Smoke 
Symposium  V.  Over  200  people  attended  the  Symposium  In  spite  of  the  severe  travel  restrictions 
we  are  now  experiencing.  These  people  represented  over  twenty  government  agencies  from  eight 
major  commands  and  all  four  services.  Twenty-three  government  contractors  and  four  academic 
institutions  were  represented.  In  addition,  allies  from  7  nations  have  Joined  us,  1  am  particularly 
pleased  with  the  participation  of  these  contractors,  institutions,  and  allies.  This  breadth 
of  representation  is  a  part  of  the  formula  which  creates  successful  gatherings  like  this, 

I  would  appreciate  any  suggestions  you  might  have  for  improving  future  symposiums.  Yuur 
completion  of  the  reaction  form  which  you  will  find  In  your  folder  will  be  a  great  help  toward 

this  end.  Gary  Nelson,  my  right  hand  countermeasures  man.  Dr.  Kohl,  or  I  would  also  be  glad  to 

discuss  any  ideas  you  might  have.  I  have  one  suggestion  which  I'd  like  to  send  back  with  our 
TRADOC  representatives.  Me  badly  need  more  Input  in  the  training  and  doctrine  area  to  round  out 
the  Symposium.  You  might  be  thinking  of  ways  to  encourage  the  trainers  and  tactltions  to  submit 
papers  and  participate  In  future  Symposiums. 

One  last  point  before  I  close  the  symposium. 

figure  1  shows  events  of  interest  to  all  of  you  during  the  coming  year.  These  are  some  of 

the  events  which  I  hope  will  result  in  contributions  to  future  fmoke  Symposia,  1  look  forward 
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SMOKE  WEEK  IV  PLANNING  MEETING 

REDSTONE  ARSENAL.  AL 

20  -  21  MAY  81 

FIELD  OBSCURANTS  DATA  WORKSHOP 

APG.  MD 

16  -  18  JUN  81 

JTCG/ME  SAWG  MEETING 

APG.  MD 

9  -  11  JUN  81 

SNOW  ONE  SYMPOSIUM 

CRREL.  HANOVER.  NH 

A  -  5  AUG  81 

SNOW  ONE  A  PLANNING  MEETING 

CRREL.  HANOVER>  NH 

6  AUG  81 

SMOKE  WEEK  IV 

REDSTONE  ARSENAL.  AL 

2  -  6  NOV  81 

SNOW  ONE  A 

CAMP  ETHAN  ALLEN.  VT 

DEC  -  FEB  82 

SMOKE  SYMPOSIUM  VI 

HDL.  ADELPHI.  MD 

APR  82 

FIGURE  1.  EVENTS  OF  INTEREST. 


to  seeing  many  of  you  at  these  events. 

With  that,  I  declare  Smoke  Symposium  V  officially  closed,  Again,  my  sincere  thanks  for  your 
participation.  Please  drive  carefully  and  have  a  safe  trip  home. 


AGENDA* 
for  the 


PRELIMINARY  SESSION 

(U.S.  citizens  Only) 
of  the 

smoke/obscurants  symposium  V 

Tuesday  Morning 
28  April  1981 


Harry  Diamond  Laboratories 
2800  Powder  Mill  Road 
Adelphi,  Maryland  20783 


TUESDAY  MORNING  28  APRIL  1981 


0745  -  0840 

Registration 

0840 

Administrative  Announcements 

Paper  From 

AREA  A.  TESTING.  INSTRUMENTATION  AND  METHODOLOGY 

0845  A-11. 

SAM  Launch  Cloud  Interference  with  E-0  Surveillance  by  George 
Buckle.  Naval  Ordnance  Station,  Charles  R.  Cundiff  and  W.  Royi 
Price,  Office  of  Missile  El ectrorTTc “Warfare  -  2o 

Papers  From 

AREA  C.  SMOKE/ODSCURANT 

TECHNOLOGY  AND  HARDWARE  DEVELOPMENT 

0840  C-IS. 

Novel  Multlspectral  Screening  Materials  by  Richard  Kenle.v.  Gerald 
August,  Marie  Comas,  and  Zolla  Reyes,  SRI  International  -  15 

0940  C-6. 

Evaluation  of  Multlspectral  Screening  Smoke  Generators  by  James 

0.  Savage  and  Rov  E.  Shaffer.  Chemical  Systems  Laboratory  -15 

1005  C-7. 

Redispersal  of  Multlspectral  Obscuring  Fibers  by  Paul  L.  Bachman. 
Aerodyne  Research,  Inc.  -  15 

1030  COFFEE  BREAK 

1100  C-8. 

IR  Screening  Smoke  Development  by  D,  R.  Dlllehay,  Thiokol-  10 

1120  C-13. 

COPPERHEAD/HELLFIRE  Seeker  Performance  In  Battlefield  Obscurants 
(Smoke  Week  III)  by  Ray  Schneider,  Missile  Comnand  -  10 

1140  C-12. 

COPPERHEAD  Performance  on  the  Modern  Dirty  Battlefield  by  Howard 

E.  Weaver  and  George  D.  Minto,  Martin-Marietta  Corp.  -  20 

*Scheduled  times  as'^urie  full  utilization  of  all  time  periods  alloted  for  papers  and  discussion, 
The  schedule  will  I'U  allowed  to  slip  forward  In  time  tn  order  tr  end  the  day  earlier  or  to  add 
another  paper. 
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Preliminary  Session  (Continued) 


Paper  From 

ARCA  D,  DOCTRINE  AND  TRAINING.  CONCEPTS  AND  SYSTEM  EVALUATION  AND  ANALYSIS 


1210  D-5.  Warsaw  Pact  Irritant  Smokes  -  A  New  Dimension  In  Combat  by 

Frank  Poleski,  Foreign  Science  and  Technology  Center  and 
LTC  John  Bulger.  Office  of  the  Project  Manager,  Smoke/ 
Obscurants  -  10 


1230  FND  or  PRELIMINARY  SESSION 

(Lunch  available  in  Cafeteria) 
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AGENDA 
for  the 


smoke/obscurants  symposium  V 


Tuesday  Afternoon,  28  April  1981 
through 

Thursday,  30  April  1981 


Harry  Diamond  Laboratories 
2800  Powder  Mill  Road 
Adel  phi,  Maryland  20783 


TUESDAY  AFTERNOON  28  April  1981 


1300  -  1330 


Registration 

Welcome  to  Smoke/Obscurants  Symposium  V 
COL  Samuel  1..  Eure 
Project  Manager,  Smoke/Obscurants 

Introduction  of  Keynote  Speaker  by  COL  Eure 

Keynote  Address 

MG  Allen  H.  Light,  Or. 

Commander,  ARRADCOH 

Administrative  Announcements 


AREA  A.  TESTING.  INSTRUMENTATION  AND  METHODOLOGY 


1405  A-1. 


1430  ■  A-2. 


1455  A- 3 


High  Wind  Smoke  Screening  by  Stephen  L,  Cohn,  Atmospheric 
Sciences  Laboratory  (ASL)  -  IT’ 

A  First  Look  at  SNOW-ONE  Results  by  George _W,__A1_tken ,  U.  S. 
Army  Cold  Regions  Research  and  Engineering  Laborafory 
(CRREL)  -  15 

An  Overview  of  Smoke  Week  III  by  Gary  Nelson,  Office  of  the 
Project  Manager,  Smoke/Obscurants  -  10 


1515  Coffee  Break 
1535  A-4. 


Results  from  United  Kingdom  Electro-Optics  Sensors  at  Smoke  Week 
III  by  S.  Briam,  P.  H.  Davies,  P.  Griffith,  K.  Hulme,  J.  Payne 
and  P.  Richardson,  Royal  Signals  and  Radar  Establishment  -  20 
(presented  by  W.  A.  Shand) 


‘Scheduled  times  assume  full  utilization  of  all  time  periods  alloted  for  papers  and  discussion. 
The  scheduV’  will  be  allowed  to  slip  forward  In  time  In  order  to  end  the  day  earlier  or  to 
add  another  paper. 
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Tuesday  afternoon  20  April  1981  (continued) 

AREA  A.  (continued) 

1605  A-5.  Combined  Presentation:  Description  of  a  System  for  the  Measurement 

8  of  Optical  and  Millimeter  Wave  Transmission  Through  Battlefield 

A-6,  Environments  by  R.  J.  Keyes  and  Results  of  Simultaneous  Transmission 

Measurements  at  MMW  and  Various  Optical  Frequencies  in  a  Battlefield 
Environment  by  R.J..  Saslela.  Massachusetts  Institute  of  Technology, 
Lincoln  Laboratory  -  20 

1635  A-7.  155  mm  Smoke  Projectile  -  Field  Test  by  Nlssim  Dayan.  MOD/RSD, 

Israel  -  15 


1700  A-8. 


Canadian  Program  In  Antl-IR  Screening  Aerosols  bv  R.  E.  Kluchert. 
Defense  Research  Establishment  Valcartler,  Canada  -  15 


1725  End  of  First  Day 


WEDNESDAY  29  APRIL  1981 

0745  -  0815  Registration  and  Badge  Pick  Up 

AREA  A.  (continued) 

0815  A-12.  Estimation  of  Precision  of  Smoke/Obscurants  Measurements  and  Product 

Variability  bv  Dames  F.  O’Brvon.  JTCG/ME  Smoke  Aerosol  Working  Group- 
15 

0840  A-13.  A  Data  Reduction  Technique  for  Field  Data  by  Marvin  Smith.  Keith  Jones 

and  P.  Kittikul,  Oklahoma  State  University  -  15 

0905  A-34.  Infrared  Measurements  with  the  MIDAS  III  Radiometer  During  Smoke  Week 

III  Tests  by  A.  G.  Geiser,  Cincinnati  Electronics  -  15 

0930  A-15.  Data  Obtained  from  the  Smoke  Week  III  Instrumentation  Cluster  by 

W.  Michael  Farmer.  University  of  Tennessee  Space  Institute  -  20 

1000  A-16.  Battlefield  Smoke/Dust  Parameters  Measured  In-S1tu  Using  Spectrophones 

bv  G.  W.  Bruce.  Y.  P.  Yee,  A,  V.  Jellnek,  L.  M.  Moore  and  N.  Richardson, 
ASL  -  10 


1020  Coffee  Break 

1040  A-17.  In-SItu  Measurements  of  Phosphorus  Smokes  During  Smoke  Week  III  by 

D.  M.  Garvey,  G.  Fernandez,  C.  W.  Bruce  and  R.  G.  Pinnick,  ASL-:  10 

1100  A-19.  Particle  Sire  and  Infrared  Absorption  Measurements  of  IR  Smokes  During 

Smoke  Week  III  by  R.G.  Pinnick,  G.  Fernandez,  C.  W.  Bruce, 

D.  M.  Garvey  and  B.  D.  Hinds,  ASL  10 

112C  A-20.  Thermal  Radiance  of  Smokes  and  Battlefield  Fires  by  T,  W.  Cassidy  and 

W.  E.  Stump,  Night  Vision  and  Electro-Optics  Laboratory  -  20 

1150  A-21.  The  Infrared  Characterization  of  Smokes  and  Obscurants  Utilizing  the 

Honeywell  Background  Measurement  Spectroradiometcr  by  J.  R.  Bryson, 

M.  J.  Flanagan,  Honeywell  and  D,  R,  Snyder,  Eglin  AFB  -  15 

1215  A-23.  Propagation  of  a  High  Power  Pulsed  Laser  Through  Battlefield  Aerosols 

by  Thomas  G.  Miller,  U.  S.  Army  Missile  Connnnd  (MICOM)  -  15 


XXX 


Woclnescldi'  2'i  April  (Conliniicd) 
li'4l)  1  iiiu.h 


Beginning  at  1310  the  14  minute  film  "Dusty  Infrared  Test  Series"  (paper  A-9  by 
Bruce  Kennedy,  ASL)  will  he  shown.  This  will  be  followed  by  a  few  vicwgrapho 
on  the  Dusty  Infrared  Test  -  III  (Paper  A-10  by  Bruce  Kennedy,  ASL).  Both 
will  be  presented  by  Frank  Niles,  ASL. 


AREA  B.  MODELING 
1340  B-1. 


1405  B-2. 


1430  B-3. 


1455  Coffee  Break 
1515  B-4. 


1546  B>7. 


1610  B-0. 


1635  B-9. 


1655  B-10. 


1715  End  of  Second  Day 


Temporal  Characterlyatlon  of  Smoke  and  Dust  Cloud  Geometry  by 
Processing  of  Two-Perspective  Video  Images  by  George  R.  Blackman. 
ASL  -  16 

Munition  Expenditure  Model  Verification,  KWIK  Phase  I  by  Ricardo 
Pena.  ASL  -  15 

Comparisons  Between  the  Upgraded  Model  ACT  11  and  Recent  Smoke  Week 
Tests  by  Robert  Sutherland.  ASL  -  15 


Battlefield  Environment  Laser  Designator  Weapon  System  Simulation 
(BELDWSS)  Tost  and  Simulation  Results  by  Robert  Yates.  MICOM  -  20 

Sensitivity  of  Calculated  Transmittances  In  Artillery  Produced  Oust 
Clouds  to  Variations  1n  Model  Inputs  by  Melvin  G.  Heaps  and  Donald 
W.  Hoock.  ASL  -  IS 

Parameterization  of  the  Dispersion  of  Battlefield  Obscurants  by  W.  D. 
Ohmstede  and  £■  B.  Stenwark.  ASL  -  15 

Error  Bounds  for  Smoke  Obscuration  Models  by  Marvin  D.  Smith.  James 
R.  Rowland  and  D.  Mark  Anderson,  Oklahoma  State  University  -  1? 

MMTRNi  Millimeter  Wave  Propagation  for  Rain,  Fog,  and  Snow  Extinction 
and  Gaseous  Absorption  by  Douglas  R.  Brown.  ASL  -  10 


THURSDAY  30  APRIL  19S1 
AREA  B.  (continued) 
0745  -  0815 
0815  B-11. 


09in  B-13. 


0940  B-14. 


Registration  and  Badge  Pick  Up 

Extinction  by  Smokes  at  Visible,  Infrared  and  Millimeter  Wavelengths  by 
Janon  Embury,  Chemical  Systems  Laboratory  (CSL)  -  20 

Some  Aspects  of  Light  Scattering  from  Clouds  of  Regularly  and  Irregularly 
Shaped  Particles  by  D.  K.  Anker.  Logica  Ltd,  United  Kingdom  -  15 

A  Semi  quantitative  Model  for  the  Prediction  of  the  Persistency  of 
Multicomponent  Oil  Smokes  by  Glenn  0.  Rubai .  CSL  -  20 

A  New  Look  at  the  Chemical  Modeling  of  White  Phosphorus  and  Hexachlor- 
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Replacement  of  HC  Smoke  by  Michael  D.  Smith.  CSL  -  10 

1105 

C-3. 

Smoke/Obscurants  Health  Effects  Research  by  CPT  David  L.  Johnson 
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HIGH  WIND  SMOKE  SCREENING 
Stephen  L.  Cohn 

Atiiiospheric  Sciences  Laboratory 
White  Sands  Missile  Range,  New  Mexico 

ABSTRACT 

Smoke  screening  Is  a  valuable  military  tactic  used  to  deny  enemy  acquisition  of  friendly  forces. 

Up  until  this  time,  It  has  been  believed  that  smoke  screening  at  wind  speeds  In  excess  of  17  knots  Is 
Impractical  (Army  Training  Circular  6-20-5)  because  of  the  expected  high  munition  expenditure  rate 
needed  to  establish  and  maintain  a  screen.  This  has  Important  Inpllcatlons  In  battle  planning,  since 
high  winds  frequently  occur  over  areas  of  the  order  of  hundreds  of  kilometers. 

Phase  I  of  the  KWIK  Evaluation  Test  was  designed  to  test  a  real  time  smoke  munition  expenditure 
algorithm  known  as  KWIK  (Cross  Wind  Integrated  Concentration).  On  September  18,  1980,  during  Phase  I, 
winds  between  1/-40  knots  were  encountered  during  eight  trials.  Preliminary  examination  of  available 
data  suggests  that  the  trials  conducted  during  this  high  wind  episode  produced  excellent  screens  with 
a  reasonable  expenditure  of  munitions. 

1.  INTRODUCTION 

The  use  of  chemical  smokes  In  the  battlefield  for  obscuration  or  screening  Is  a  valuable  tool 
which  can  deny  the  enemy  acquisition  of  friendly  forces.  For  obscuration,  smoke  Is  placed  on  or  near 
the  enemy  with  the  primary  purpose  of  minimizing  his  vision  both  within  and  beyond  his  position  area. 

For  screening,  smoke  is  placed  on  the  battlefield  to  deceive  or  confuse  the  enemy  as  to  the  activities 
of  the  maneuver  elements. 

In  the  deployment  of  smoke,  the  commander  must  give  consideration  to  the  weather  In  the  target  area. 
The  two  most  Important  meteorological  factors  are  atmospheric  stability  and  wind  (speed  and  direction). 
These  factors  influence  the  rate  of  vertical  and  horizontal  spread  of  a  smoke  cloud.  Under  unstable  or 
lapse  conditions,  a  smoke  cloud  will  disperse  rapidly,  causing  high  munition  expenditure.  With  stable 
or  Inversion  conditions,  a  smoke  cloud  will  tend  to  keep  Its  Integrity  over  a  relatively  long  period 
of  time,  thus  requiring  low  munition  expenditures.  If  the  atmospheric  conditions  are  between  stable 
and  unstable,  1t  Is  considered  neutral  and  still  favorable  for  smoke  usage, 

Army  Training  Cirrular  6-20-5  entitled  "Field  Artillery  Smoko"  details  the  deployment  of  smoke 
under  various  meteorological  regimes.  As  Indicated  in  this  circular,  wind  speeds  unde;  2  knots  or  In 
excess  of  17  knots  are  considered  unfavorable  for  smoke  screening  or  obscuration.  Under  the  light  wind 
regime  (^2  knots),  the  wind  direction  is  likely  to  be  variable  over  space  and  time,  rendering  smoke 
munltlors  relatively  useless.  Under  the  hlgii  wind  regime  (>17  knots)  It  1s  believed  that  excessive 
munition  expenditures  would  be  required  due  to  the  quick  dispersal  of  the  smoke  plume. 

Phase  I  cf  the  KWIK  Evaluation  Test  was  designed  to  test  a  real  time  smoke  munition  expenditure 
algorithm  known  as  KWIK  (Cross  Wind  Integrated  Concentration).  On  September  18,  1980,  during  Phase  I, 
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winds  between  17-40  knots  were  encountered  during  eight  trials.  The  available  data  Indicate  that  the  ■ 
trials  conducted  during  this  high  wind  episode  produced  excellent  screens  with  a  reasonable  expenditure 
of  munitions. 

2.  BACKGROUND 

Phase  I  of  the  KWIK  Evaluation  Test  was  conducted  at  Dugway  Proving  Grounds  during  July  and  Sep¬ 
tember  of  1980.  The  Korl2ontal  Grid  (Figure  1)  located  about  20  kilometers  west  of  the  post  area  was 
utilized  fur  all  trials.  The  grid  was  oriented  with  the  major  axis  on  a  NE-SW  line  so  that  the  pre¬ 
vailing  winds  would  be  normal  to  the  grid.  The  smoke  Impact  area  (Figure  1)  consisted  of  seventeen 
rows  with  each  row  containing  three  lines.  Each  line  contained  four  M116  HC  cannisters  (3  Mi's  and 
1  M2),  whihe  simulates  a  dynamically  fired  M116BE  projectile.  The  lines  utilized  for  a  given  trial  (as 
determined  by  KWIK)  were  detonated  two  minutes  apart,  simulating  an  Initial  volley  with  two  sustaining 
volleys.  The  screen  was  always  calculated  for  500  meters  in  length  and  six  minutes  in  duration. 

Meteorological  measurements  were  made  from  two  10  meter  towers  on  either  side  of  the  smoke  Impact 
area  (Figure  1)  and  from  one  32  meter  tower  located  near  the  observation  post  (Figure  1).  Temperature, 
wind  speed  and  and  wind  direction  were  measured  at  2  and  10  meter  levels  on  the  small  towers  and  at  2, 
10,  16,  and  32  meter  levels  on  the  large  tower.  Dewpoint  temperature  was  measured  at  the  2  meter  level 
on  all  towers.  All  of  these  parameters  were  monitored  continuously  before  and  during  each  trial.  Stan- 
uard  airway  hourly  observations  were  made  at  the  weather  station  located  In  the  Ditto  technical  area 
about  10  kilometers  east  of  the  grid.  All  of  this  Information  was  utilized  for  each  trial. 

3.  WEATHER  ANALYSIS 

In  some  parts  of  the  world,  including  western  Europe,  high  winds  are  not  necessarily  localized 
phenomena.  When  associated  with  large  scale  weather  systems,  they  can  persist  for  days  over  regions 
of  the  order  of  hundreds  of  kilometers.  The  high  winds  observed  1n  the  course  of  this  investigation 
were  part  of  such  a  large  scale  system  extending  over  much  of  the  central  United  States. 

T.t  1200Z  (050r  MST)  on  September  18,  1981,  a  ridge  at  500  mb  and  700  mb  was  centered  over  the 
central  and  eastern  portions  of  Utah  (Figures  2,  3).  At  850  mb  (Figure  4)  a  weak  short  wavewas  entering 
the  western  portion  oi  the  stats.  At  the  surface  (Figure  9),  a  cold  front  extended  from  a  1005  mb  low 
in  southeast  Washington  to  just  north  of  Utah  and  eastward  to  1013  mb  low  over  southwest  Nebraska.  From 
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there,  it  extended  northeast  into  a  1009  mb  low  over  northern  Minnesota.  A  1017  mb  high  was  centered 
over  southwest  Colorado  and  1023  mb  high  was  centered  just  to  the  north  of  North  Dakota. 

The  combination  of  the  low  level  short  wave  (850  mb)  with  the  proximity  of  the  surface  cold  front 
with  a  developing  low  pressure  system  gave  the  norizontal  grid  a  steadily  increasing  wind  from  the 
southeast  during  the  morning  hours.  As  the  upper  level  ridge  moved  east  during  the  day,  the  winds  at 
all  levels  from  the  surface  to  SOO  mb  (Figures  k,  3.  4,  6)  backed  to  the  southwest.  The  1002  mb 
surface  low  (Figures)  along  with  the  upper  level  support  increased  the  wind  speed  as  the  day  progressed. 
Thus  the  winds  on  the  grid  were  light  to  mcderatc  from  the  southeast  early  in  the  day  and  became 
moderate  to  strong  from  the  southwest  late  in  the  day.  There  was  no  precipitation  in  the  region  during 
this  period. 


4.  RESULTS 

Trials  23  through  30  were  conducted  at  wind  speed  in  excess  of  17  knots  as  shown  in  Table  1.  The 
KWIK  model  uses  a  modified  Pasquill  stability  scheme  which  gives  six  stability  categories  which  are: 

A  -  Highly  Unstable 
B  •  Unstable 
C  -  Slightly  Unstable 
0  -  Neutral 
E  -  Stable 

F  -  Moderately  Stable 

As  can  be  seen  in  Table  1,  with  the  high  wind  speeds  encountered,  the  stability  remained  neutral 
throughout  the  seven  trials,  Photographic  records  of  the  trials  also  Indicate  a  neutral  stability. 

The  number  of  munitions  calculated  for  the  six  minute  screens  ranged  from  18  to  4E,with  the  higher 
figure  calculated  during  a  near  gale  with  a  quartering/headwind  direction.  A  typical  scenario  would 
Involve  1/3  of  the  total  munitions  expended  for  establishing  the  screen  and  two  sustaining  firings  of 
1/3  each  to  maintain  the  screen. 


The  screen  characteristics  am  indicated  in  Table  2.  The  buildup  time  is  defined  as  the  time 
needed  to  obscure  all  targets  from  the  observer's  view.  The  length  of  the  screen  is  the  time  after 
initiation  of  the  test  for  a  target  to  become  visible  to  one  or  more  of  the  observers.  The  total  effec¬ 
tive  screening  time  is  the  total  time  that  all  targets  were  continually  screened  from  aVI  observers. 


UNCUSSIFIED 


UNCUSSIFIED 


For  the  seven  trials,  the  mean  buildup  time  was  26.75  seconds  with  a  mean  effective  screening  time 
of  6  minutes  and  17  seconds.  In  all  cases,  once  the  screen  had  formed  there  were  no  apparent  holes 
until  tiie  screen  began  to  break  up  at  the  end  of  the  trial. 

5.  CONCLUSIONS 

There  are  several  possible  reasons  for  the  successful  screening  at  high  wind  speeds,  One  very 
plausible  explanation  is  that  as  the  wind  speed  increases,  the  vegetation  flattens,  changing  the  effec¬ 
tive  roughness  length.  This  lowering  of  the  roughness  length  would  change  the  dispersion  parameters 
which  are  critical  to  the  correct  calculation  of  munition  expenditures.  Examining  Table  1,  it  is  noted 
that  the  actual  number  of  munitions  that  successfully  detonated  was  always  less  than  the  number  cal¬ 
culated.  Since  all  of  the  screens  were  successful,  this  overprediction  of  needed  munitions  could  be  due 
to  wind  modified  roughness  length. 

Another  possibility  is  the  homogeneity  of  the  terrain  at  Dugway.  It  is  possible  that  over 
heterogeneous  terrain  or  terrain  with  extensive  vegetation,  such  as  a  forest,  the  Increased  turbulence 
at  higher  wind  speeds  would  preclude  the  use  of  smoke. 

A  third  possibility  is  a  change  in  the  efficiency  of  continuous  burning  smoke  munitions  during 
high  winds.  An  Increase  of  available  oxygen  to  the  munition  could  conceivably  Improve  the  efficiency. 

Regardless  of  the  reason  or  combination  of  reasons  for  the  high  wind  smoke  screening,  further 
investigation  is  warranted.  Western  Europe  and  other  strategically  important  parts  of  the  world  are 
frequently  subject  to  large  areas  of  high  wind  speeds.  If  future  experiments  confirm  that  smoke 
screening  at  high  speeds  is  feasible,  then  a  change  in  doctrine  would  be  indicated.  This  could  give 
friendly  forces  an  advantage  in  future  confrontations  utilizing  smoke. 
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TABLE  1.  BIBO  SPEEtl  (US)  VS  HUNITIOM  EXPEBDITUBES  CALCULATED 


TRIAL 

* 

WS(M/S) 

STABILITY 

»  DETONATED 

#  CALCULATED 

DIRECTION 

23 

9-12 

0 

17 

18 

CROSS 

24 

8.8-12 

D 

16.75 

18 

CROSS 

25 

9.7-13 

D 

17 

18 

CROSS 

2C 

8.7-12 

D 

15,75 

18 

CROSS 

27 

11.7-15.5 

Q 

20 

21 

Quarter 

28 

12.8-18 

0 

25.5 

27 

Quarter 

29 

12.3-19.5 

0 

25.5 

27 

Quarter 

30 

15-20 

0 

41* 

45 

Quarter 

•Calculated  during  high  wind 

TABLE  2. 

SCREEN  CHARACTERISTICS 

TRIAL 

§ 

BUILDUP 

TIME 

LENGTH  OF 
SCREEN 

TOTAL  EFFECTIVE 
SCREENING  TIME 

23 

30  SEC 

6:40 

6:10 

24 

30 

6:50 

6:20 

25 

40 

6:40 

6:00 

25 

42 

6:45 

6:03 

27 

15 

6:55 

6:40 

28 

28 

6:50 

6:22 

29 

30 

6:40 

6:10 

30 

15 

6:45 

6:30 

MEAN 

28.75 

6:46 

6:17 

i 
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FIGURE  2.  500  mb  SYNOPTIC  ANALYSIS.  This  Is  a  reproduction  of  the 
National  Weather  Service  500  mb  analysis  for  18-19  September  at 
12  Zulu  and  00  Zulu  respectively. 
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FIGURE  3.  700  mb  SYNOPTIC  ANALYSIS.  This  Is  a  reproduction  of  the 

National  Weather  Service  700  mb  analysis  for  18-19  September  at 
12  /ulu  and  00  zulu  respectively. 
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riGURt  4.  fl50  mb  SYNOPTIC  ANALVSIS.  This  Is  a  reproduction  of  the 
National  Weether  Set  vice  USO  mb  analysis  for  18-19  September  at 
IP  Zulu  and  00  zulu  respi^ctlvnly. 
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FUlURr  fi,  no  ZULU  surface  synoptic  analysis 

This  Is  a  reproduction  of  the  National  Weather  Servim 
surface  analysis  for  19  Septenihm'  at  on  zulu, 
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A  FIRST  LOOK  AT  SNOW-ONE 

George  W.  Altken 

U.S,  Army  Cold  Regions  Research  and  Engineering  Laboratory 
Hanover,  New  Hampehlre 

ABSTRACT 

SNOW-ONE  was  Che  fine  In  a  ■erlei  of  major  field  exparltnenti  conducted  to  evaluiite  the 
’ performance  of  electro-optical  ayetema  under  winter  conditions  and  to  eetabllah  the  comprohenelve  data 
base  neaded  by  the  modeling  and  devaloproant  community.  It  was  conducted  near  Burlington,  Vermont,  start¬ 
ing  on  3  January  1961,  Fourteen  COD  agencies  and/or  their  nontractora  conducted  measurement  programu 

*r 

during  SNOW-ONE,  This  paper  presents  a  "first-look"  summary  of  the  experiment.  It  deacrlbes  the 
methodology  adopted  to  characterise  the  environment.  Including  data  from  auvaral  state-of-the-art  devices 
used  to  characterize  airborne  snow,  A  brief  summary  of  the  work  accompllehed  by  a  number  of  the  partici¬ 
pants  Is  Included,  and  Information  Is  provided  on  the  final  form  and  availability  of  the  results, 

1.  INTRODUCTION 

The  SNOW-ONE  Field  Experiment  was  the  first  in  a  planned  sarles  of  winter  axerclaes.  It  was 
conducted  between  S  January  and  20  February  19BI  at  the  Vermont  Army  National  Ouard  Camp  Ethan  Allen 
Training  Center  near  Burlington,  Vermont,  Figure  1  Is  an  aerial  view  of  the  SNOW-ONE  site,  looking 
east.  Figure  2  la  a  plan  view  of  the  alts  with  major  featurea  identified. 

The  objectlvee  of  SNOW-ONE  were  to  begin  establishing  a  comprehensive  data  bass  containing  in- 
formution  on  electromagnetic  energy  propagation  through  falling  and  blowing  snow,  to  invuetlgate  the  in- 
fluonce  of  the  churacterlatica  of  anew  (both  falling  and  on  the  ground)  on  algnature  measureraenti ,  and  to 
conduct  atudies  of  aelarolc  and  acoustic  energy  propagation.  The  agencies  that  were  represented  at  HNOW- 
.  ONE  are  listed  in  Table  T,  As  you  can  see,  a  broad  range  of  interesta  were  repreaented.  These  included 
a  human  factors  study  conducted  by  the  U.S.  Marine  Corps,  the  performance  of  smokes  and  smoke-charucter- 
Ifiing  Lnstrumentatlon,  algnature  measurements  In  the  Infrared  and  neur-mm  wavelengths,  atmospheric  propa¬ 
gation  measurements  from  the  visible  through  near-mm  wavelengths,  and  selsmlc/acouatlc  vehicle  signature 
meaHuromentH. 

The  purpose  of  this  paper  is  to  present  a  preliminary  aommary  of  SNOW-ONE,  An  this  paper  la 
being  written,  Information  from  the  agencies  that  were  represented  at  SNOW-ONE  la  Just  starting  to  become 
available.  Therefore,  this  summary  la  not  complete,  and  analyses  of  the  data  obtained  are  not  atlempt- 
ed.  The  part tclpnnts  will  be  providing  tbelr  results  to  CRREt.  aa  they  become  available.  These  will  he  , 
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SNOW-DNK  I’lirl  li' lp.it  liiK  AjU'iU'V  I.IhL. 


Participant 


Maasuramant 


CRREL;  Mat.,  Micro-mat.,  Aerotol  Siza/Diitribution/Concnntratlon, 

Vertical  Mat.  Profile,  Snow  Cover  CharactBrizatlon/Chainlitry 
AFATLi  IR  Top-attaok  Signature  Maaauramanta 

Salamic/Acouatlc  Signature  Meaeuramants 
ASL:  Mat.,  Micro-mat.,  Acouatlc  Sounder,  Aaroaol  SIza/Dlitrlbutlon, 
Vlaibla  and  IR  Tranamlaaion 
AVCOi  ERAM,  Aaaault  Breaker 
AVRADA:  10.6-iim  Tranamlaaion  and  Signature  Maaauramanta 
BRL:  MM-Wave  Tranamlaaion,  36-QHi  Top-attaok  Signature 
Maaauramanta 
CSLi  Smoke  Teat  Support 

OPQ:  Smoke  Particle  Slae/DlatributlonyChamlatry,  Vlaibla  and  IR 
Tranamlaaion 

HOL:  MM-Wava  Tranamlaaion 

MICOMi  lO.S-^im  Tranamlaaion,  QLLD,  Copperhead  and  Hallfira 

Saekera 

NRL:  Vlaibla  and  tR  Tranamlaaion 
USMCi  MULE,  Human  Paotora  Study 
UTSi!  Aaroaol  Slia/Diatrlbutlon,  IR  Extinction 
PM  SMOKE/OBSCURANTS;  Taohnloal  Support  and  Aaalatanoa 
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iiHed  to  cort'elutf  Htiow  ehariictertzatlon  pnrnmeterB  with  propagation  mensnremonts  uiid  systoin  port nrin.-itit-i’. 
A  report  eiintiitntiig  thiH  Information  la  achcduled  for  completion  In  .Uinct  Samples  of  tlio  diitn  collectetl 
hy  CKRKl.  aiul  soiiu'  other  Hgencles  are  presented  here  iiH  examples  of  tlic  typo  of  Information  that  will  he 
f  ortlir.omi  ngt  A  ftn:  preliminary  resolts  that  appear  to  be  significant  fire  dlseussed. 


2.  METEOROLOtiV 

One  of  the  most  Important  measurement  programs  conducted  during  SNOW-ONE  was  the  environmental 
charucterlisatlon  work  carried  out  by  CKREL  and  the  U.S.  Army  Atmospheric  Salancas  Laboratory  (ABL), 
Temperature,  dew  point,  wind  speed  and  wind  direction  were  measured  at  heights  from  2  to  32  m  above  the 
ground  near  the  West  and  East  Pads  and  to  a  21-m  height  at  Midpoint  (see  Fig,  2),  In  addition,  tempera¬ 
ture  and  humidity  profllee  were  obtained  to  a  height  of  1,000  m  above  the  ground  using  a  tuthered  bal¬ 
loon,  and  frequenr.  rawinsonde  flights  were  conducted,  A  view  of  the  east  meteorologtcal  tower  operated 
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FIGURE  3«  Mett^orologtual  trjwer  .)2  in  high  at  east  end  of  titsi  Note 

three-axle  wind  liunuore  ut  ail  levels. 

by  ASL  Is  shown  In  Figure  3i  The  /tins  In  the  huckgrmiml  are  a  part  or  AFIj's  Transportable  Atwospherle 
Characterization  System  (TACS)i 


Typical  meteorological  data  ol'i.alned  from  t ower-moiinted  HonHors  during  a  snowstorm  that  occur¬ 


red  on  8-9  February  are  presented  In  Ft  purr's 
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TABLE  n. 

Example 

of  Wind  Data 

Obtained  at 

SNOW-ONE  (01 00- 

•OAOO,  9 

Feb  ai). 

Time 

Locat Ion 

Resultant 

Max 

Avg 

wind 

wind 

wind 

Dir 

Speed 

Dir 

Speed 

speed 

deg 

m/s 

deg 

m/s 

m/s 

OdOiOl :00 

2M  WEST  END 

180.9 

1.8 

203. A 

3.1 

2.0 

OAOiOl iOO 

AM  WEST  END 

52.2 

1.5 

7A.1 

3.7 

1.7 

OAOsOl iOO 

8M  WEST  END 

339.1 

1.6 

3A7.7 

5.1 

2,3 

OAOlOliOO 

16M  WEST  END 

0.0 

0.0 

0.0 

4.9 

2. A 

OAOiOl iOO 

32M  WEST  END 

293.0 

10.0 

293.1 

13.3 

10.7 

OAOiOl iOO 

2M  CENTER 

285.2 

1.8 

2o,.6 

A.O 

2.1 

OAOiOl  iOO 

AM  CENTER 

230.7 

i.a 

l/J.l 

3.9 

2.2 

OAOiOl iOO 

8M  CENTER 

303.1 

1.8 

286.5 

A. 3 

2.1 

OAOiOl iOO 

21H  CENTER 

317.1 

3. A 

313. A 

13.4 

3.7 

OAOi02iOO 

2H  WEST  END 

203.0 

!.6 

179.6 

3.1 

1.7 

OAOi02tOO 

AH  WEST  END 

36.6 

1.3 

9.5 

3.0 

1.5 

OAOi02iOO 

8M  WEST  END 

3A8.8 

1.5 

321.1 

3.6 

2.2 

OAOi02iOO 

'6M  WEST  END 

Q.Q 

D  Q 

0.0 

3.3 

2,0 

0u0!02i00 

32H  WEST  END 

308.1 

9.  ) 

307.7 

1!.7 

10.5 

0A0l('2t00 

7.M  CENTER 

318.9 

2.0 

350.5 

4.3 

2.9 

OAOiOiiOO 

AM  CENTER 

2A2.3 

l.'f 

269.0 

A. 2 

2.2 

0A0i02t00 

8M  CENTER 

32A.1 

2. 

299.2 

A. 3 

2.7 

0A0!02i00 

21M  CENTER 

320.5 

A. 8 

322.7 

10.1 

5. A 

OAOtOSiOO 

2M  WEST  END 

155.8 

2.0 

16A.3 

4.3 

2.2 

OAOt03lOO 

AH  WEST  END 

65.8 

1.5 

53.8 

3.7 

1.8 

OAOi03tOO 

UM  WEST  END 

33A.7 

2.0 

3A1.A 

A.l 

2.  5 

OAO:i>3iOO 

16N  WEST  END 

0.0 

0.0 

0.0 

5,2 

2.5 

OAOi()3!00 

32M  WEST  END 

27A.3 

10.6 

279.0 

17.9 

11.8 

OAOi03iOO 

2M  CENTER 

27A.5 

2.6 

303.5 

4.9 

2.9 

OAOi03lOO 

AM  CENTER 

195.3 

2.1 

180. A 

3.6 

2.3 

OAOiOStOO 

8M  CENTER 

285.1 

2.6 

277.6 

4,7 

2.8 

OAOi03lOO 

21M  CENTER 

283.0 

5.2 

31A.3 

17.9 

5,  7 

OAOlOAiJO 

2H  WEST  END 

132.3 

1.8 

1A2,3 

3,9 

2.0 

OAOiOAiOO 

AM  WEST  END 

39.7 

1,7 

86.3 

5, A 

1.9 

OAOlOAiOO 

8M  WEST  END 

293..1 

2.A 

230.7 

A. 8 

2.6 

OAOiOA  iOO 

16M  WEST  END 

0.0 

0.0 

0.0 

5.6 

2,8 

OAOiOAiOO 

32H  WEST  END 

268.6 

11.3 

257.0 

17.6 

11. A 

OAOiOAiOO 

2M  CENTER 

259.5 

2.3 

230.1 

4,4 

2.3 

OAOiOAiOO 

AM  CENTER 

176.5 

2.1 

160,2 

3.7 

2. A 

OAOiOA  iOO 

8M  CENTER 

277.2 

2.5 

266.5 

4.7 

2.8 

OAOiOAiOO 

2iH  CENTER 

27A,6 

A.  3 

267,5 

11.3 

A.O 

Februiiry  through  0500  on  the  9th.  Tliis  wan  the  longent-laat Ing  snowstorm  that  occurred  during  SNOW-ONE 
und  It  also  produced  some  of  tl.e  heaviest  concentrstions  of  snow  in  the  air.  Snowfall  was  light  and  In¬ 
termittent  prior  Lu  1300  hours  on  the  8th.  At  that  time,  coincident  with  the  Increase  In  relative 
humidity  noted  In  Figures  'i  and  5,  snow  began  falling  continuously.  The  snowfall  Increased  to  moderate 
intensity  during  the  night  and  finally  stopped  shortly  after  0500  on  the  9th.  An  examination  of  the  2- 
and  32-ffl  temperature  data  shows  that  this  was  a  relatively  warm  storm,  as  the  teraperatutc  at  2  m  didn't 
drop  below  the  freezing  level  until  after  about  2100  hours  on  the  8th,  The  temperature  at  32  m,  however, 
was  below  the  freezing  level  except  for  one  sample  interval  at  1300  hours.  Typical  wind  data  for  this 
same  itnrm  are  given  In  Table  II, 
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3.  SNOW  CHARACTERIZATION 


Standard  meteorological  and/or  mlcro-meteorologlcal  raensuretncnts  cannot  he  u-ied  alone  to  ade¬ 
quately  cl\nracterlze  a  anowatorm.  The  size,  size  dlstrlhiitlon  and  type  of  Individual  snow  crystals  or 
snowflakes  are  also  required,  as  la  a  measure  of  the  concentration  of  snow  In  the  atr  at  any  time. 
Complete  characterization  must  also  include  documentation  of  any  other  obscurant  present  while  it  is 
snowing,  such  as  haze  or  fog. 

Characterization  of  snow  in  the  air  during  SNOW-ONE  was  accomplished  using  a  number  of  differ¬ 
ent  techniques.  The  type  (or  "habit")  of  the  snow  crystals  or  flakes  was  determined  periodically  by 
catching  crystals  on  a  black  velvet  pad  and  examining  them  under  a  microscope  (Figure  6).  The  continuous 
replicator  shown  in  Figure  6  was  used  to  obtain  a  record  of  tne  change  in  crystal  type  with  time.  It 
operates  by  moving  formvar-coated  35-mm-wlde  film  beneath  a  small  opening  in  Its  top.  Snow  crystals  fall 
through  the  opening  onto  the  film  and  are  coated  with  formvar  through  surface  attractlont  then  the 
formvar  coating  is  dried,  leaving  a  3-dlmen8ional  Image  (replica)  of  the  crystal. 


Snow  crystals  wore  also  "caught"  on  formvar-coated  glass  slides  at  regular  intervals  during 
snowstorms.  The  continuous  replicator,  because  of  its  fixed  film  drive  speed  and  restricted  sample  area, 


fiUUKE  h.  Haste  snuw  charocturlziU loii  equipment.  Uevtce  on  the  lull  Is  ii 

uunl.lnuuiis  replicator  that  provldua  a  ruiurd  of  crystal  types. 
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KIC'illRK  7.  Snow  crystal  size  dlstrlhuticins  ob¬ 

tained  using  samples  caught  on  formvar-coated  glass 
slides.  The  symbols  Indicate  three  different  crys¬ 
tal  types  (1.  to  r.):  side-planes,  scale-like  side- 
planes,  and  a  combination  of  side-planes,  bullets 
and  columns.  The  top  curve  represents  a  cunulaclve 
size  distribution  for  the  three  crystals  shown,  plus 
some  relatively  small  number  of  other  crystals  of 
miscellaneous  types  that  were  also  present.  The 
three  lower  curves  are  size  distributions  for  spe¬ 
cific  crystal  typea. 


slides  can  be  used  for  this  purpose.  Examples  of  size  distributions  from  these  replicas  are  shown  in 
Figure  7,  The  size  in  this  case  is  computed  by  tracing  the  outline  of  the  particle,  and  then  computing 
an  equivalent  circular  diamater  from  the  area  obtained.  It  is  easy  to  sea  that, whan  attempts  are  made  to 
correlate  data  from  propagation  measurements  that  are  dependent  on  particle  size  with  snow  crystal  size 
distributions,  breaking  down  the  data  by  crystal  type  could  be  very  important.  This  is  illustrated  by 
(as  one  example)  the  difference  in  the  peak  diameter  for  the  cumulative  curve  from  that  (dashed  line)  for 
the  crystals  classified  as  n  combination  of  side  planes,  bullOk..  and  columns. 


The  snow  characterization  methods  discussed  above  are  very  time-consuming  and  have  other 
limitations  as  well.  Among  these  limitations  is  the  need  for  long  sampling  times  to  obtain  enough 
crystals  for  statistically  significant  size  distributions  when  using  the  glass  slide  method,  This 
problem  can  be  eliminated,  at  leaat  in  theory,  by  utilizing  electro-optical  particle  size  measuring 
systems  that  are  now  available.  Both  CRREh  and  ASt  operated  this  type  of  instrumentation  at  SNOW-ONE. 
Figure  H  shows  two  such  systems  operated  by  ASL.  Tliose  probes  provide  a  Z-dlmenslonal  Image  of  particles 
passing  between  the  two  arms  located  on  their  left  end.  The  probe  in  the  foreground  with  the  arms  skewed 
outward  from  its  longitudinal  axis  has  a  size  range  from  200  to  6400  pm  in  200-pm  steps,  while  the  one  In 
the  rear  has  a  range  from  25  to  BOO  ^  In  25-iim  steps.  During  measurement  periods,  the  probes  are  orient¬ 
ed  In  elevation  and  azimuth  so  thnt  snow  falls  directly  through  the  sampling  area  rather  than  .it  some 
angle  to  It. 


The  electro-optical  probes  operated  by  CRRKl.  are  shown  In  Figure  9.  The  two  with  the  large  in¬ 
take  horns  are  two-dimensional  gray  probes.  Unlike  a  standard  two-dimensional  probe, they  provide  an  in- 
dlc.Htlon  of  the  tr.inamlttnnce  through  the  particles  that  are  Imaged,  These  probes  are.  adjustable  In 
elevation  and  are.  slaved  to  a  wind  direction  sensor  for  automatic  azimuth  control.  In  addition,  a  high 
air  f 1  )W  Is  maintained  through  the  sample  volume  by  a  fan-driven  naplratlon  system  to  provide  a  known 
parllrle  velorliy.  The  Imsgi^  formed  hv  these  probes  Is  a  direct  function  of  particle  velocity  and,  for 
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Twii-dlmenalonal.  electro-opclcal  particle  elau  roeaaurumiant  ayuCema 
operated  by  the  Atmoaphurlc  Sciences  Liaburatory> 


Forward  sr.n  t  tor  1  ii(;  prulio  (loll)  and  two-d  I  nioii.a  1  oiia  1  Kray  prohun  with 
aspirators  oporatod  by  CKHIil., 
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FIGURE  10.  Snow  crystal  size  distributions  obtained  using  100 

to  bdUO  |jm  aspirated  two-dlntensional-gray  electro-uptlcal  probe> 


non-spherlcal  particles  like  snow  crystals,  a  true  Image  analysis  can  bt  scooiiipllshcd  only  if  this  velo¬ 
city  la  known.  These  probes  covet  the  size  ranges  of  5  to  320  um  and  100  to  6400  pm  In  5-  and  100-pm  ■ 
steps,  respectively, 

Iho  probe  on  the  far  loft  In  Figure  9  Is  a  forward  scattering  probe  with  a  size  range  of  0,5  to 
45  um.  It  Is  used  to  monitor  the  size  and  size  distribution  of  fog  that  may  occur  concurrently  with  a 
snowfall.  This  probe  la  also  aspirated  and  has  a  long  tube  on  Its  Intake  (left)  end  to  preclude  anow- 
f lakes  from  being  drawn  into  It, 

These  types  of  particle  measurement  iiyatems  can  provide  size  d la tr Ibut Ions  over  relatively 
short  time  Intervals  because  of  the  relatively  high  flow  rates  through  them.  Typical  size  distribution 
data  obtained  using  the  100  to  6400  pm  probe  are  given  In  Figure  10.  These  data  represent  20-mlnute 
averages  starting  at  the  time.  Indicated.  Data  were  obtained  for  Lime  Intervals  as  small  as  20  s,  but 
these  are  not  yet  available  In  a  suitable  format  for  presentation.  In  this  case, the  size  was  computed  by 
assuming  that  tl\e  width  of  the  particle  was  ui|ual  to  Ita  diameter  and  that  the  particle  was  spherical. 
This  Is,  of  course,  an  over  s  linp  1 1  f  lent  inn  In  the  case,  of  snow.  Analyses  are  In  progress  to  develop  more 
realistic,  but  still  manageiible,  sizing  algorithms  for  this  type  of  data.  It  la  also  planned  to  attempt 
lompiirlsun  of  the  data  obtained  using  both  asiitrsted  and  unasplrated  probes.  Aspirated  probes  have  the 
advantage  of  a  known  particle  velocity, but  tliny  may  also  contribute  t.o  reorientation  or  breaking  up  of 
Home  pnrlU'les,  Ihus  pmdiirlng  a  biased  size  dl  slrlhiit  ton. 
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F'lCUKE  U<  Holographic  camurat 


All  of  thu  characterizing  methoda  dlacuased  above  have  loma  potential  drewbacha.  For  Inatance, 
they  may  damage  tlie  anow  cryatala,  or  some  key  parameter  like  particle  fall  velocity  may  be  unknowni  The 
holographic  camera  shown  In  Figure  11  has  the  potential  to  eliminate  these  drawbacks)  It  can  obtain  a 
true  picture  of  a  snowstorm  without  disturbing  any  of  the  crystals-  and,  using  a  double-pulse,  muClple-ex- 
posure  technique,  fall  velocities  can  be  determined)  The  sample  volume  of  this  particular  camera  (the 
first  of  Its  kind  suitable  for  field-portable  operation)  lu  a  4  In.  diameter  cylinder,  10  In.  long, 
located  between  the  two  arms  protruding  from  the  rear  of  the-  camera.  A  50  mjoule  ruby  laser  Is  used  to 
msKe  the  hologram.  A  luimber  of  holograms  of  snowflakes  wore  made  using  this  camera  during  SNOW-ONE. 
Analysis  of  these  images  Is  extremely  time  consuming,  however,  and  a  standard  methodology  for  this  is 


currently  under  development,  Future  plans  for  this  camera  Include  configuring  It  to  look  at  the  same 
sample  volume  at  the  same  time  as  a  two-dimensional  eUiclro-optlcal  probe  to  compare  performance  of  the 
two  systems. 


One  Indication  of  the  severity  of  the  weather  that  occurred  during  SNOW-ONE  la  Illustrated  In 
Figure  12.  The  trailer  In  which  the  holographic  camera  was  kept  when  not  In  use  was  blown  on  Its  aide 
during  a  severe  wind  and  rain  storm  on  11  February.  Peak  wind  speeds  were  estimated  at  greater  than  70 
knots. 
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KIOUKK  I2i  Storm  daiimgo  to  lioJoBnii'hli:  oaiiiura, 


Ah  iiotpti  oarlliT,  oik'  of  tin"  im'aHiiri'monl  a  ri'i|ulriHl  lo  ailorliial  o  1  y  rlMraotori  r.i'  a  HiiuwHl-orm  In 
mow  c.'oiicpnt  ralton.  'Hu'  .'n'lii.’il  I’linoioil  rat  Ion  oT  latow  (or,  If  von  pri'lor,  Im)  In  iho  atr  cannoi  So  oh- 
talmid  by  moaciirtny,  aooumu  lation  on  tin'  uronnd  boi  an.Ho  ul  llii'  din'oroiil  rail  volnfltloH  of  dlll'oront  anow 
o.ryBtiils,  whlr.h  can  vary  from  Iohh  than  bo  to  mnro  th.-at  ll'nl  o.n/a  (i)Mlrton,  1470),  Mho,  tho  tlmo  roanla-- 
Lion  of  an  aacomnlat  lon-nn-ttio-nrcnanl  moaHuromunl  la  mnoh  too  onarae  for  tho  iioodH  of  the  o  lent  ro-opt  I  oa  1 
cmmmnnlty. 


StallahraHH  (l'J7a1  iloaorlhod  an  oli'ol  romoohanloa  I  dovtoi'  oonalHtlnn  of  a  oyolono  aoparator 
moimtod  on  a  whlrUiiK  arm  ( f  I  (inro  I  1)  that  appoamd  to  oflor  a  n'latlvolv  ml  ra  1  (>liL  forward  ini'ana  of  inaklay, 
tho  rotu'.on  t  ra  1 1  on  incaHoroinonl  .  A  Hrln'inat  Ir  of  tho  I'olloi'tlon  head  purl  Ion  Ih  proaoato.l  In  Ktpnro  lA. 

Air  and  anow  am  lny,oati'd  llimnph  tho  |■.ol'.'/lo  aa  t  lio  arm  la  Inraoil  af  1  in  rpm,  fho  hmow  Ih  moltod  bv 
olortrlr  hoatora  tiad  tho  molt  watoc  l.a  foiootl  not  tlirnnp,h  a  oallhralod  hypodi’rinlo  noodlo,  'I'ho  dropc  ofo 
conntud  aH  they  hreah  a  hoaiii  nt  llp.bi  ahlnhip.  mi  a  ph.il  o-t  rana  lal  or,  Tin  oolnme  of  llio  Individual  dropa 
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KlQtB  13i  Airborne  Snow  Concen- 

tr/lon  Moasurlng  Equipment  (ASCME). 


AIR 


ElUUKE  14,  Sohemutlc  of  ASCME  collection  baud, 


FIGURE  15.  ASCME  liiHtnllrd  at  Midpoint  site.  Resoarch- 

iir  Is  poliitliiK  to  the  Input  tube  of  the  collection  head. 
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I'lOURE  16.  ASCME  data  for  22  Jan  81.  E,  W  and  M  refer  to  East  Pad, 

nttbL  rua  ana  Midpoint  locatlona. 


Tima 


PXUUKK  17.  AECME  data  for  0  Peb  b\. 


can  be  calculated  from  knowledge  of  the  needle  dimenalona  and  the  centrifugal  force  on  the  drop.  Sum¬ 
ming  the  number  of  drops  over  u  given  time  period  provides  a  measure  of  Ice  concentration  during  that 
period . 

A  sl.nnlf  leant  number  of  refinements  were  made  to  Stn  llabrass '  a  original  configuration,  par¬ 
ticularly  In  the  design  of  an  airfoil  to  minimise  turbulence  at  the  collection  head  and  In  the  clec- 
iriinlcn  package.  Throe  of  the  redesigned  devices,  designated  Airborne  .Snow  Concentrnt  Ion  Measuring 
Equipment  (ASCME),  Were  operated  at  SNOW-ONE.  Figure  15,  a  picture  of  the  ASCME  located  at  Midpoint 
site,  shows  the  ultfoll  used  to  mlnlmlte  turbulence  at  the  Intake. 

I’lguruB  If)  and  17  Illustrate  ASCME  data  typical  of  a  light  snowstorm  and  a  Hght-to-moderatc 
storm,  respectively.  These  data  clearly  show  that  both  a  wide  range  In  amplitude  and  a  high  rate  of  am- 
pUtiide  change  characterize  the  concentration  of  snow  In  the  nlr. 


In  addition  to  char.acterlzlng  snow  In  the  air,  menaurements  were  also  made  to  describe  snow  on 
Ilia  ground*  Those  Int'luded  nieasLirements  of  depth,  density,  hardness  and  crystal  desert )iti on,  Tlic  liquid 
water  content  was  also  mnaltnred  using  both  cold  and  hot  calorimetric  techniques. 
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A.  ATMOSPIIBRIC  PROPAfiATION  MBASURRMKNTS 

A  prlm.’uy  r)h,)c:(Hv('  oT  SN'IW-ONK  waa  to  obtain  electc()mn>;np.tic  propagation  data  from  vtalhie 
throi’gli  naar  nm  w.ivi  loiigthn  In  a  Jell  liefltied  winter  envi  ronmanti  Moat  of  those  ineaHu  r  onenta  were  madr 
along  the  primary,  6A0  m  long  line  ol  aight  between  the  Heat  and  East  Pads  shown  In  Figure  2,  The  4-  and 
8-lnch  Barnes  ti'anamlaBomoters  shown  in  Figure  18  were  used  to  obtain  data  at  0,44-0.7,  3,8  and  8-12  pm 
by  ASli.  These  worn  mounted  «t  the  West  Pad  and  uae-'  a  collimated  visible  and  block  body  source  located, 
on  the  host  Pad. 

Vlstble  and  Infrared  propagation  mcaaurementa  wero  alao  made  by  th?  Naval  Keaearch  Laboratory* 
(NRL).  They  made  nurrowbarid  .iGasurements  ualnp  a  Fourier  Transform  Spectrometer  In  the  2-12  pm  spectral 
region  and  broadband  mcnsnroiiiciitB  at  0.55,  1.06,  3,0  and  10.37  pm,  The  receiver  used  for  the  broadband 
measurements  Is  slmwt'  In  KlRuro  19.  This  receiver  was  mounted  on  the  West  Pad  anc,  used  a  searchlight 
uounted  uu  the  Last  Pad  fur  a  source,  typical  data  obtained  using  this  system  during  n  snowstorm  on  22 
January  are  given  In  'iguruti  20  end  21.  ijno'v  concent  me  Ion  data  trom  the  ASCMH  located  at  the  Midpoint 
alta  are  Included  for  rofureneo,  A  complete  rocoi'd  of  7»SCMK  data  for  this  snowpiorm  Is  given  In  Figure 
16  and,  as  noted  onrilur,  rim  Intonslcy  of  this  siorir.  was  light  and  the  concentration  of  snow  in  the  air 
was  quite  lew.  'rmiiHmlHsl.oiis  at  1.06  and  3.0  pm  wero  nine  obtained  by  NKL  during  those  same  time  nerlods 


Kli.UIO:  Id.  !■  inr-  and  •' I  gill- 1  null  llnrnus  Lriiusmlssuinotc.rs  operali'd  by  A, SI., 

UNCLASSIFIED 


explain  vnrlntlanH  in  triinHinl  Rulon  during’  HnowNtuniiH.  data  lor  llu’  11111-123(1  t  Linu  period  (Kl^uro  2(1) 

Indicate  a  ducreasL*  In  Lraanml  fih  ton  early  in  llu*  imtIuiI,  tolinwoii  hy  roinii.iiv  cnnHlam  r  raiiHiiu  mk  i  on , 
followed  hy  a  slight  ImTi'am*  at  llu*  end  •)!  Ihi*  data  net.  Tin-  ASiltlK  dal.o  dn  tml  I'nllow  thin  Hainu  Lreiul, 
that  a  chaiuu’  In  nnow  emu'etit  rat  f  on  wan  tmt  the  prlinarv  I.H'Uir  1  nl  I  ueiu’ I  np,  the  ehany,i’^i  Id 
L raniimlHH ion  that  were  obnurveil,  i1oviti>;  im  tn  the  perlml,  ajvil'i  ihe  ASflMM  data  ilo  not  .ippear 

to  be  HtroilKly  related  tti  the  t  rannnil  an  Ion  data  alniwn. 


An  exaint  nat  I  nil  «it'  the  Hatn.'  iTVHlalM  Inr  lhi'-n>  twu  i  hn-  pi*tl''-i<;  niHnj*!  th-it  tiu»v  were  prinelp.ilM 
npatlal  dend  r  1 1 1  ch  with  MOiiie  ap.pt  epal  en  (!lahe!i}  p,re.ilet  tli.in  1  «  m  In  li  i  ane'i  i- f  (  Ui'd  i' 1  c  I  d,  IhHn,  A 
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KICURK  20.  Comparlaoii  of  transmlspion  and  snow  con- 

cfcintrutlon  data* 


l2tDO  1310  1330  1350 

Tim« 


FUJIIUK  'Jl.  r,oiinj.-i c liion  oT  L  t.iUHiiilaH  Ion  niui  Mtiow  con- 

riMil  ni L  U>n  claLa. 


niMMtur  nuinhor  of  Iht'sc  l.irj’i'  i-h  w.-im  ohm-rvod  at't  vr  linO.  Thin  nbmM  viiMt)ii  1h  t‘nrrob')r/it ocl  by 

data  obtainocl  uhImk  tho  lot)  roHulut  I'jn  o  li-ol.  ro”t>|iL  I  ra]  i»rob*.*, 


TliiM  |»ri)ln«  rt'i'tirdMd  a  ^rraiiM-  luunhoi*  ol  partloK'M  iliirhn*  llto  l2i)0-U'.Jt)  porlnd  than  iltirlan  t  lu* 
1  il)i  1- 1  K’.O  porlod.  Ah  IIiIm  prubi*  did  nnl  ”hi*i**'  Du*  l.irv'u  ap,y.t'on'‘'D‘H  Dtat  wero  J.allinp,,  aiul  thu  oonoua- 
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KLCIUHK  22.  TriinMmLttur  vun  I'ur  llobiUi  MoiiHiiruinuiiL  KiifLllLy  locatiid  oil  Lliu  liaut  I’ud. 


/■  w  .  ^ 


v:  ^ 


'rV”"  i'i/* 

f'jp 


VV' 

IL  »'t 


»  *.^1  *■ ' 


I'UiliUl'l  .M.  l^'ri'lv»T  v.in  I'M-  'inMli'  Mimjmu'miiu'hI  K.u  I  1  1  I  v  Iih-mimiI  m  I  In  Wt’ul  I'.ul, 

iriil'lnii  mT  Miuiw  In  till'  .Hr  ri"ii.i  I  iumI  .ihniil  tin*  'i.imi*,  lliln  I  n  I  nrui.it  I '»n  «<n  mlm  r.il  mi  tin-  ijiiii  I  1 1  Ml  I  vn  mIimiM" 
vnllouM  lli.il.  Ilifi't'  Wi'i-n  uinr"  l.-iJ')’.!'  iliirlnv.  I  lin  l.ilrf  limn  pnrlml. 


In  rildlllnii,  till'  Sui-w.ir'l  Mi‘;il  t  I'll  m*.  pr.dii'  iI.H.i  lur  IIiIm  pni'lml  m!ii»w  ,i  •;)[)', hi  tv  lilj-lirr  l•lnu’n^” 
Irnlt'iii  nt  III)'  iliirlii)',  1  ,!nn~  |  •‘pit  ( ii.-m  Inl.-r  .m,  'I'Im- m  I  It  .ippi-.u';;  ih.il  llu-  1 1  iw  !  r.iiinm  1  ji!;  1  nti  ilurlnp,  111 

II  Vi-r.!t'i  I  lull-  CiiH.illv*'  to  (h-it  1  i*"Hi  MlM-inn)  w.i;;  .-.inr.inl  liv  .i  >»riMli‘r  iiniMl'i-r  nl'  ;mi,i  1  1  rrvni.il'i 

III  lilt*  ,ifr  Inj'i'llicr  wllli  ,1  '!ll)',hlly  hl)’.)iri  •-niu-nul  ral  I  mi  i*l  l.p;  d  fn  p  1  n  t  i , 


Twm  I'j'iiip'.  !•' iiidni  I  I '  d  ii'-.i  f -mm  w.i  •••  pi  np.ii'.n  I  "M  I'Hpi' t  I  im  nt  •;  dniiU)’,  iCJi-;.  Ii.iri\'  lil.ii'i'nid 

l..i  li'irn  1 1  ir  V  C  Hid , ) ,  nil  1  I  I  lu'.  I  lie  1  r  'I'dil  I  «•  “.f.inni  >  ni'-nl  IPn-  i  I  I  i  v  (  MMK  i  ^  ri.nl'’  I  r.inniii!  •:  •; !  mi  .ind  li.n’li  m-.i  I  t  n  r 

iii'Mm  i  r'-mi -n  t  s  .M  ‘*'i,  1  im  imi  'dl;*.  1-1. 'nn*.  ’  .uiil  '  sh'ii.'  l  In-  Iriii'imlMiM  .iiid  rfi'lvi'r  v.nm  Im-  thi- 
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The  Modular  Universal  Laser  liquipment  (MULE)  was  also  used  to  check  Its  corap  with  the 

seekers  (Figure  28). 


5.  SlUNATURE  MKASURIiMKNTS 

The  instrumentation  shown  in  Figure  29  was  used  by  personnel  from  the  A:  Force  Armament 
Laboratory  to  obtain  signature  measurements  In  the  3-5  and  8-12  pm  portion  of  thtinfrared  spectrum. 

The  cameras  on  the  pole  were  used  to  look  down  from  various  heights  up  to  27.5  ii»t  both  the  M48A5  and 
the  T52  tank.  Typical  data  obtained  using  this  system  are  shown  in  Figure  3C.  fbls  is  a  thermogram  of 
the  idling  MA8A5  taken  with  the  3-5  pm  camera.  The  two  spikes  in  the  foregrou^  ate  the  signatures  of 
heat  lamps  used  for  calibration.  The  large  spike  at  the  left  rear  is  the  tan's  exhaust. 

Signature  measurements  were  also  conducted  by  URL  using  u  35-OHs  tUd  state  CW  radar  with 
polarisation  diversity  mounted  on  top  of  a  15  m  high  polo.  In  this  case  tl  test  objectives  were  to  make 
radar  backscattar  maasureraenta  from  snow  surfaens  and  to  evaluate  the  effets  of  snow  covor  on  armored 
targets.  Measurements  ware  made  using  both  porallel  and  cross  polarlKStlh  technlquoa. 


FtUmr.  2‘1.  1  list  rumvnt.il  Lin  iiMi-d  In  uhtnln  Intarud  tarput.  Klpiialun'M.  I'ulf 

In  nilildlu  I'XLi'iul.i  In  , 'i  ill  In  hulplit  .inil  carrlvn  and  8-l<!  lira  paHHlvc  till  rated 

camur.'iM. 
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FIGURE  30.  Typical  signature  data  obtained  using  the  3-5  pm  camera  looRlng 

at  an  HA8A5  tank  against  a  snow  background. 


6.  SMOKE  CHARACTERISATION 

Preliminary  evaluation  of  smoke  characterlsratlon  Instrumentation  was  also  conducted  during 
SNnW-ONE.  Fog  oil,  PEG  200,  and  four  IR  Bcreenurs  were  dispensed  by  Chemical  System  Laboratory  personnel 
iisLng  the  equipment  shown  in  Figure  31.  The.  fogger  (left)  was  used  to  dispense  fog  oil  and  the  PEG  200. 
Tliu  other  materials  were  dispensed  u.slng  the  device  In  the  center,  which  was  assembled  using  parts  from 
the  XHil  smoke  generator,  A  small  amount  of  WH  smoke  wap  also  released  using  wedges  from  the  XM,j25,  155 
mm  round.  In  all,  12  smoke  trials  were  conducted,  all  under  clear  conditions.  Unfortunately,  it  was  not 
posslhlc  to  maintain  an  on-site  smoke  capability  long  enough  to  conduct  operations  during  a  snowfall  or 
under  very  cold  conditions, 

A  major  objective  of  the  smoke  eKperiment  was  to  evaluate  the  performance  of  current  smoke- 
characterizing  instrumentation  in  a  winter  environment  In  advance  of  any  major  winter  smoke  test. 

Figure  32  la  a  view  of  some  of  this  Instrumentntlnu  operated  by  the  Dugway  Proving  Ground  (DPC)  Safari 
Team,  In  addition  to  the  chemical  ImpLiigers,  aerosol  photometers,  and  a  particle  size  analyzer  used  by 
DPC;  additional  meaMurements,  lueluillng  aume  using  the  UniviTslly  of  TenneaHoe  Space  Institute  psrtlcle 
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The  two  loads  ratgiilrcd  to  transport  ttiu  MULK> 


HUMAN  FACTORS  STUDY 


The  USMC  conducted  n  Iniman  factors  exercise  at  the  SNOW-ONK  site  and  ndJoliUng  nri'iin  iinlnn  the 
MllhK.  They  were  Interested  In  seeing  what  types  of  problems  might  be  enenuntered  during  mnvemenl,  Hetiip 
and  operation  of  the  MULE  In  a  winter  environment!  This  exercise  was  directed  by  the  USMC  Operiil  I  imn  'I'uHt 
and  Evaluation  Activity  at  IJuantlco.  The  troops  involved  were  from  Camp  Pendleton,  Transporting  the 
HlihE  riH|iilreH  two  men,  each  With  a  load  of  approximately  1011  Ih,  as  shown  In  Plgiire  17.  After  net  up.  It 
was  dllflenlt  to  operate  with  gloves  on  (Figure  38),  Hnttery  life  waa  alan  extremely  limited,  even  at 
the  I'e  I  a  I  I  ve  1  y  moderate  temperatiirea  (+1  to  -Ib’C)  encountered  during  this  lest  phaae, 
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t'lQUKU  331  Typical  MULE  daploymenti  Not*  that  operator  haa  removed  hla  glovea. 


B.  PRELIHtNARY  RESULTS 


Up  to  thla  point  I  la  haa  been  poislbla  to  dlaeusa  lome  of  the  neaeurement  programs  that  were 
conducted  at  SNOH-ONE  without  saying  too  much  relative  to  results  or  conclusions.  There  was  little 
choice  In  this  approach,  as  this  paper  had  to  meet  a  10  April  81  dsadllne,  and,  essentially,  no  final  re¬ 
sults  were  available  prior  to  that  date.  However,  there  are  several  areas  where  Important  preliminary 
results  are  emerging. 

Elrst,  performance  of  the  state-of-the-art  snow  characterization  Instrumentation  used  at  SNOW- 
UNE  was  very  good.  High  frequency  mass  concentration  measurements  were  made  for  the  first  time  in  both 
rain  end  snow  in  combination  with  propagation  measurements  across  a  wide  frequency  spectrum.  These,  to¬ 
gether  with  both  mechanical,  photographic  and  electro-optical  (a/o)  particle  sine  measurements  will  allow 
significant  advances  to  be  made  In  understanding  of  the  performance  of  e/a  systems  performance  In  a 
winter  environment.  One  example i  muss  concentration  alone  does  not  determine  e/o  ayitem  performance  In 
falling  snow.  The  size  and  size  distribution  of  the  snow  must  also  be  considered,  as  must  the  potential 
presence  of  other  obacuranta. 
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Second)  a  snow  cover  can  pose  problems  for  the  operation  of  both  ii/rared  and  mm  wave  bari^et 
location  and  tracking  svstems.  This  appears  particularly  true  at  mm  wavelengths  where  changes  In  snow 
characteristics  over  relatively  short  time  periods  resulted  In  large  (»20  db)  changes  in  backscatter 
(Haiierle,  1981). 

Next,  transportation  and  opeiation  of  the  USMC  MULE  (Modular  Universal  Laser  Equlpmrnt)  was 
very  difficult  undnr  winter  conditions.  Individual  loads  ara  htavy  (>100  lb),  the  equipment  Is  difficult 

4 

to  operate  with  gloves  on,  and  battery  life  wee  extremely  abort. 

Finally,  visible  through  far  Infrared  transmission  appears  to  degrade  at  about  the  same  tlme^ln 
falling  snow.  Transmlsilon  In  the  Infrared  appears  to  be  uffecCed  slightly  more  than  that  In  the 
visible,  possibly  because  of  strong  water  absorption  In  the  Infrared  (Curclo,  1981).  Moderate  snowfall 
significantly  attenuated  tranamlselon  at  ehort  ranges  (640  m),  to  the  extent  of  complete  system  degrada¬ 
tion  (Butterfield,  1981).  Attenuation  In  light  anowfall  wai  sufficient  to  suggest  a  reduction  In  thm 
maximum  range  capabilities  of  some  systems. 


9.  SUMMARY 

In  the  Interests  of  time  and  space,  and  becauss  at  this  time  a  great  deal  of  tite  needed  data 
are  unavailable,  X  have  not  mentioned  all  of  the  measurement  progrsme  conducted  at  SNOW-ONE,  jdi  fear  1 
may  not  have  done  Justice  to  soma  of  those  I  did  mention,  A  report  summarizing  all  of  thess  mnauu-ement 
programs  and  containing  analysaa  of  data  for  aelacted  times,  together  with  an  Index  to  all  the  iluts 
available.  Is  scheduled  for  completion  In  June.  A  decslled  dlseusslcm  of  the  results  will  t,ike  place  at 
s  symposium  to  bn  held  at  CRREL  on  A-J  August  8t.  • 

The  next  major  winter  field  program,  8N0VI-ONE  A,  Is  schodulsd  to  begin  In  early  Decembor  1981 
at  the  SNOW-ONK  site  in  Vermont.  A  planning  meatlng  for  SNOW-ONE  A  will  be  held  at  CRREL  on  6  August. 
Preliminary  plans  for  SNOW-TWO,  which  will  eraphanlze  smoke  performance  In  u  winter  environment, 
will  also  be  discussed  at  the  6  Auqunt  meeclng.  SNJW-TWO  is  tentatively  scheduled  fur  January— Kebruu ry 
1983. 
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AN  OVERVIEW  OF  SMOKE  WEEK  III 
Gary  Nelson 

Office  of  the  Project  Manager,  Smoke/Obscurants 
Aberdeen  Proving  Ground,  Maryland  21005 

ABSTRACT 

An  eight  ininute  film  describing  Smoke  Week  111  will  be  shown.  This  will  serve  as  an  Introduction 
andorlentlng  background  for  the  many  papers  which  follow  In  this  Symposium  dealing  with  the  measuring 
techniques  used  and  observations  made  during  Smoke  Week  III. 

The  film  shows  the  topography  of  the  area  In  which  the  test  was  conducted,  the  Instrumentation 
of  participants,  aerosol  dissemination  methods  and  devices,  and  one  or  two  examples  of  the  smoke 
trials  as  they  develop.  The  Instrumentation  cluster  used  In  Smoke  Week  III  and  a  field  calibration 
of  the  Instruments  In  that  cluster  are  also  shown.  The  film  reviews  the  major  positions.  Including 
the  target  area.  Instrumentation  cluster  and  grid,  and  the  0.8  km  and  1.7  km  positions. 
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DESCRIPTION  OF  A  SYSTEM  FOR  THE  MEASUREMENT  OF 
OPTICAL  AND  MILLIMETER  WAVE  TRANSMISSION 
THROUGH  BATTLEFIELD  ENVIRONMENTS* 

Robert  J.  Keyes 

Massachusetts  Institute  of  Technology 
Lincoln  Laboratory 

P.O.  Box  73 i  Lexington,  Massachusetts  02173 
ABSTRACT 

Simultaneous  measurements  of  the  propagation  of  radiations  at  .6328|jm,  0,901) um, 
10.6um  and  3nim  have  been  carried  out  over  the  past  year  at  Camp  Edwards,  MA  through 
natural  atmospheres  and  simulated  battlefield  environments  (amoKe,  dust  and 
explosions).  These  measurements  of  radiation  attenuation  over  near  Identical  paths 
for  all  wavelengths  were  designed  to  provide  the  data  base  necessary  for  the  optimal 
design  of  a  battlefield  oominunlcation  system.  This  report  deanr.ibes  the  transportable 
systems  used  In  these  tes ts , Including  the  pertinent  parameters  associated  with  the 
transmitters,  receiving  sensors,  digital  and  analog  recording  systems,  and  auxiliary 
sensors  which  produce  passive  infrared  Imagery  with  an  AGA  camera  and  measure  0^^  at 
the  HeNe  wavelength.  The  goometrio  layouts  of  the  various  tests  are  also  discussed 
along  with  a  description  of  the  environmental  conditions.  Analysis  of  these  data  is 
presented  In  the  following  paper  by  R.  Saslela. 

1.  INTRODUCTION 

During  the  past  spring  and  summer,  a  variety  of  slmultanaous  atmospheric 
transmission  measurements  at.  wavelengths  of  .6328um,  0.90i)um,  10,6um  and  3mm  were  con¬ 
ducted  at  Camp  Edwards,  MA  using  a  mobile  niennureraent  systMii  developed  under  Army  sup¬ 
port.  These  data,  recorded  on  digital  tape,  were  subsequently  comnuter  minlyKed  in 
order  to  .ansess  the  impact  of  natural  and  battlefield  envlroniiientfi  on  potent IhI 
question  and  answer  communication  systems.  This  repcjrt  dencrlhen  the  pnraineters  of 
the  meaaureinents  system  and  the  pertinent  aspects  of  the  field  teats  that  wc^re  con- 
du  0 ted , 

The  system  Is  installed  in  two  large  vans  (transmitter  and  receiver)  that  uurry 
their  own  anurcesof  power  and  oominunlcat  Iona .  Ror  to.cts,  the  vans  can  be  positioned  at 
the  terminal  points  of  selected  paths  and  the  transinlss Ion  of  that  path  nan  hn 
riioanurud  at  the  various  wavelengths  under  a  variety  of  natural  and  bntl.lnfleld  r.ori- 
ditiorm.  figure  1  shows  a  biosk  diagram  of  the  total  meuniirement  system.  Tht;  opttn.nl 

*Tlil.s  work  was  sponson.’d  by  the  Departments  of  the  Army  and  the  Air  l''nri'.(', 

'"i'hi!  dovernment  assumes  no  responsibility  for  tlu‘  inforiii.-i  1 1  on  pronenti'd . " 
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radiation  sources  indicated  in  Figure  1  are  co-boreslghted  on  a  single  optical  plat¬ 
form  that  can  be  accurately  pointed  in  the  desired  direction  with  the  aid  of  a  gun- 
3?pht  telescope.  The  3nmi  source  C12  Inch  dish)  and  pointing  scope  were  located 
besicie  the  optical  mount  and  boreslghted  in  the  same  direction.  A  TV  antenna  atop 
each  van  provided  a  common  time  reference  pulse  from  a  local  commercial  broadcasting 
station  which  was  used  to  synchronize  the  optical  radiation  pulses  and  the  receiver 
electronics  at  1500Hz.  The  millimeter  wave  system  was  operated  cw. 
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•'MUHK  1.  A  BLOCK  DIAORAM  OF  THK  HEA.SUREMKNT  SYSTEM  FOR  THE  EXPERIMENTAL 
FIELD  SITE. 


The  i-ad  l.'it.  Ion  recelvors,  aJ.-.o  co-located  and  boreslghted,  wera  housed  Iti  the 
'ir?,;orid  van  a'ong  with  the  rei-orillng  and  nionl  t>'i'lng  systems.  Except  for  the  ijaAs 
radlat.lon  rhem-  in  unf  fecelver  for  each  wavelength.  Two  receivers,  whose  soatlal 
iiepa  f  .  1. 1 '  .11  was-,  -’orit  ml  1  abl  e,  wecf.  provided  at  O.dO'ium  In  order  to  study  the  efects  r 
Tpath'il  dlvrcilty  ■  .n  Fading  i>hen>ini«-na  due  to  atmoKpherlc  turtulenoe.  Ttie  sensor 
ilvrial.".  at'  :i/ iji  1  1  f  1  ed  tn  a  li'vel  ii|’  in  volt.s  aeak  - 1  a  -  nes  k  Itefore  entering  the  analog 
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and  digital  recording  systemsi  For  digital  recording,  peak  hold  circuits  triggered  by 
the  TV  reference  pulse  were  used  prior  to  12  bit  digitization.  The  analog  slgnal.s 
were  recorded  on  a  14  channel  systen.  (not  chcwn)  along  with  V’oloe  commentr  md  TPT.'! 
time.  The  analog  data  was  used  primarily  as  a  backup  to  the  digital  aysteinn  and  an  a 
"quick-look"  capability  for  editing  purposes.  Real  time  monitoring  of  signals  from 
the  prime  sensors  vfas  obtained  via  osollloacope  displays. 

In  addition  to  the  prime  sensor  measurements,  meteorological  data  (temperature, 
humidity,  rain  rate,  wind  speed  and  direction)  from  a  portable  weather  station  were 
digitized  and  recorded.  A  video  tape  system  which  was  also  boreslghted  to  the  prime 
sensors  provided  a  visual  image  of  the  test  path.  During  all  battlefield  environment 
tests  an  AQA  recording  camera  provided  LWIR  images  of  the  area  and  of  calibrated  ther¬ 
mal  sources  in  the  field  of  view.  Communications  between  the  various  Instrument  sta¬ 
tions  were  conducted  over  radio  except  during  recording  runs.  It  was  observed  that 
radio  transmissions  Interfered  with  data  recording.  During  measurement  periods, 
hardwire  military  field  telephones  were  used  for  oommunloatlon.  Table  I  gives  some  of 
the  pertinent  parameters  of  the  prime  radiation  transmitters  and  receivers. 


TABLE  I.  TRANSMITTER/RECEIVER  PARAMETERS 


TRANSMITTERS 


Wavelength 

Ave  rage 
Power 
{ watts ) 

Peak 
Power 
(watts ) 

PRP 

(Hz) 

Beam 
Angle 
(mrad ) 

0.6328uin 

0.5x10-3 

10-3 

1,500 

1  to  6 

O.goAum 

0.012 

30 

1,500 

7 

1 0 . 6  n  m 

1.0 

2.0 

1,500 

14 

3  mm 

0.01 

cw 

13 

RECEIVERS 


FOV 
(  rad ) 

Aperture 

(cm) 

Sensitivity 

(SNH=1) 

Bandwidth 

(Hz) 

7x10-3 

3.5 

10-13w/Hz1/2 

2,500 

1.0 

5.0 

10-15;w/Hz1/2 

2,500 

.01 

2.5 

2,500 

O.lH 

1.7 

6x1 0-1  w/Hz 

in 
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2.  FIELD  MEASUHEMENTS 

The  battlefield  environments  of  Interest  can  be  broken  down  Into  two  broad 
categories:  natural  and  man-generated.  The  natural  environments  are  dictated  by  the 

vagaries  of  local  meteorological  conditions  and  tience  require  extended  periods  of  time 

to  encompass  the  wide  variety  of  conditions  that  might  be  present  on  a  battlefield. 

The  man-generated  environments  (smokes,  dust,  explosions)  were  under  our  direct 
control  and  hence  measurements  of  these  conditions  were  conducted  over  short  time 
periods  of  Intensive  testing  (2  days).  Table  II  presents  a  summary  of  the  propaga¬ 
tion  tests  carried  out  at  the  Camp  Edwards  site.  R.  Saslela  will  discuss  the  oomputBP 
analysis  of  this  data  and  Its  significance  to  BIPP  systems  In  these  spectral  regions 
In  the  following  paper. 


TABLE  II.  CAMP  EDWARDS  BIPP  PROPAGATION  EXPERIMENTS 


1 •  HC  Smoke 

2.  White  Phosphorus 

3.  Vehicular  Dust 

4.  105mm  Shell  Explosions 

5.  Natural  Atmospheric  Turbulence 

6.  Turbulence  In  Rain  and  Pog 

7.  Spatial  Diversity  Tests 


Two  twenty-minute  testa  \i8lng 
military  smoke  pots  with  total 
visible  obsouration 


Two  tests  using  smoke  grenades 
deployed  from  tank  launcher 


Eight  tests  with  high  visible 
attenuation  generated  by  dragging 
a  hurricane  fence  over  propagation 
path 


Two  testa  with  5  shells  exploded  nt 
2  second  Intervals  producing  high 
attenuation  at  all  wavelengths 


Optical  data  recorded  at  various 
turbulence  levels  with  600  and 
1200m  path  lengths 


One  test  with  P  dB/km  visible 
attenuation 


Data  recorded  at  various  separations 
of  OaAs  receivers 


bO 
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RESULTS  OP  SIMULTANEOUS  TRANSMISSION  MEASUREMENTS 
AT  MMW  AND  VARIOUS  OPT r CAL  FREQUENCIES 
IN  A  BATTLEFIELD  h: IVIRONMENT* 

R.  J.  Saalela 

MasBaohuaetta  Institute  of  Technology 
Lincoln  Laboratory 
Lexington,  Massachusetts  02173 

*  '  ABSTRACT 

Simultaneous  transmlBslon  measurements  have  been  made  at  0.90^,  0.6328,  and  10.6 
microns,  and  3mm  wavelengths.  Various  impediments  to  transmission  including  tur¬ 
bulence,  explosives,  HC  smoke,  phosphorus  grenades,  dust  and  fog  were  introduced  into 
the  transmission  path.  Results  of  the  data  analysis  will  be  presented  which  include 
relative  attenuation,  temporal  and  spatial  effects,  and  a  comparison  of  the  turbulence 
data  with  theory. 


1.  INTRODUCTION 

This  report  describes  the  analysis  of  data  taken  in  varlouo  natural  and  battle¬ 
field  environments  to  determine  the  effect  of  obscurants  on  a  communication  system. 
Measurements  were  taken  at  0.6328,  0.90^1,  and  10.6  micrometers  and  at  92.7QHk  with  the 
system  described  by  R.  Keyes  in  the  previous  paper.  These  frequencies  were  chosen 
because  for  covert  communications  they  have  the  advantage  of  having  a  narrow  beamwldth 
with  modo.'t  aperture  size  and  they  respond  differently  to  battlefield  obscurants. 

The  Lit  error  rate  Is  a  measure  of  the  effectiveness  of  a  digital  communication 
system.  On  a  dirty  battlefield  the  error  rate  is  affected  not  only  by  the  attenuation 
produced  by  the  obscurants  but  also  by  sclntlllatlon-induced  fading.  It  has  been 
shown^^^  that  under  turbulence  conditions  likely  to  be  encountered,  optical  systems 

can  require  a  10-30dB  increase  In  required  signal  level  In  order  to  achieve 

rates  comparable  to  those  achieved  in  the  absence  of  turbulence.  A  question  addressed 
in  this  report  Is  whether  the  effects  of  obscuration  and  scintillation  are  independent 

or  whether  scintillation  level  is  a  function  of  the  obscuration. 

Add  It  Iona  J  ly ,  the  tine  history  of  tiie  obscuration  Is  examlnenl  to  see  what  In  the 

bent  strategy  In  ropeatlrig  a  meBsage  to  Increase  the  probability  of  reception. 

5fTh  'wfiu  spon.'njrfMl  by  the  Department.s  of  the  Army  and  the  Air  Poree . 

"The  II.::.  iloverriiiient  atiaumea  no  respons  1  h  I  M  ty  for  the  Inforniat  1  oti  presented", 
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2.  EXPERIMENTAL  SYSTEM 

The  portable  system  used  to  make  the  measurements  Is  described  In  detail  In  the 
previous  paper  by  R.  Keyes.  Briefly, the  system  consists  of  two  trucks,  one  con¬ 
taining  the  transmitters  the  other  the  receivers  and  recording  equipment.  The 
transmitters  used  were  a  COg  laser  operating  at  10.6  micrometers,  a  HeNe  laser 
operating  at  0.6328  micrometers,  a  OaAs  laser  operating  at  0.904  micrometers,  and  a 
MMW  system  operating  at  92.70H7,.  The  receiver  truck  contained  receivers  for  all  the 

♦ 

above  frequencies  and  a  computer  controlled  recording  system.  Each  signal  was  digi¬ 
tized  by  a  12  bit  A/D  converter  and  recorded  at  a  iSOOHz  rate. 

The  beamwldth  of  the  transmitted  signal  was  much  larger  than  the  receiver  aper-  , 
tures.  The  signal  to  noise  ratio  In  the  receivers  with  no  obscurants  present  was 
greater  than  the  36dB  Instantaneous  dynamic  range  of  the  recording  system.  An  analog 
display  system  was  used  to  set  gain  levels  and  help  to  verify  proper  systems  operation 
before  digital  recording  started. 

The  time  history  of  the  signal  transmission  was  recorded  for  each  experiment  and 
subsequently  analyzed,  Prom  this  data < we  determined  the  scintillation  level  with  and 
without  obscurants  and  the  relative  attenuation  measured  by  all  sensors.  In  addition, 
the  time  history  of  the  transmissivity  was  examined  to  determine  the  bust  strategy  for 
repeating  messages, 

3 .  TURBULENCE  DATA 

Data  was  taken  with  no  obscurants  present  and  compared  to  theory,  both  to  verify 
the  data  taking  and  reduction  process  and  to  gather  scintillation  data  which  could  be 
compared  to  the  scintillation  data  with  obscurants  present.  The  amplitude  of  the 
return  la  expected  to  have  a  log-normal  distribution.  Over  a  path  of  uniform  tur¬ 
bulence  when  the  turbulence  Integrated  along  the  path  Is  not  too  strong,  the  variance 
of  the  log  Intensity  for  a  spherical  wave  Is  equal  to^: 

oj  ■  0.5  Cri'^  k  L 

wliere  0^)2  la  the  refractive  Index  structure  constant, 
k  Is  the  wavenumber,  2«/x, 
and  L  la  the  path  length 
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The  above  formula  applies  to  a  point  detector  or  one  much  smaller  than  the  Kresnel 
leriKth  (/?Al,)  ,  whl  ch  Is  the  average  size  of  the  turbulence  cells  at  the  receiver.  For 
iargor  apertures  as  In  this  experiment,  the  measured  scintillation  Is  reduced  by  an 
aperture  averaging  efTect.  For  low  angular  beam  divergence  and  turbulence  levels  nip 

close  to  saturation  (conditions  which  applied  In  these  experiments ), a  good  approxlma- 

2 

tlon  to  the  true  log  -  Intensity  variance,  oj  ,  measured  by  an  aperture  of  diameter  d, 
can  be  found  from  the  measured  value,  o^,  by  solving  the  equation^ 

exp  (o^)-l  »  ?  (exp  (oj2)_i) 
where  t  -  (xL/d^)  /  [  1  +  (xL/d^)  ] 

Unlntlllatlon  measurements  were  taken  on  various  days.  A  typical  time  plot  of  a 
sensor  return  is  shown  In  Figure  1.  The  histograms  of  the  return  Intensity  for  the 
HeMe,  OaAs ,  and  CO2  sensors  for  the  same  time  are  compared  to  a  log-normal  intensity 
curve  with  tlie  same  standard  deviation  as  the  data  in  Figures  ?,  3,  and  4.  The 
agreement  Is  very  good.  Another  way  of  plotting  the  data, which  accentuates  the 
returns  which  lie  in  the  tall  of  the  curve.  Is  shown  In  Figure  5*  This  contains  a  plot 
of  the  QaAs  data  on  log  probability  paper  out  to  +3  standard  deviations'. 

Along  with  the  digital  measurements , a  bar  chart  at  the  transmitters  was  viewed 
through  an  optical  telescope  at  the  receivers  to  measure  the  "seeing"  conditions. 

This  measurement  can  be  used  to  get  an  estimate  of  Cn^> since  at  visible  wavelengths 
the  resolution,  Resvi  Is  approximately  equal  to  ^ 

ReSy  =  Xv^f’ov 

*  n  <7 

where  r„  In  Pried' a  coherence  iMameter . which  Is  related  to  by 


r„  =  O.lb'Jk^  h  Cr/. 

Ur!  lug  0.6  riilcrometers  as  the  wavelength,  one  obtains 

o  10  ‘’/3 

=  1.87  X  10- '-3  Hesy  /I. 

wh''i'i'  t.hi'  rriiol  ut  1  on  Is  measured  In  arc-seconds. 

‘i'hr  v.’iliU'  of  mear.u red  by  all  sensors  slitiuld  he  the  same  at  any  l.liiii’.  A  I’oin- 

parlaMii  ol'  result. a  I'or  various  dtiys  and  t,Iini!!i  of  day  Ui  given  In  Flp.iire  6.  'i’tie 
.11' l•"l■K|e^t  Is  Very  lyiii.l  I'oi’  all  MeiKiotni.  There  w.a.a  no  effort  l.o  make  tieeliii.' 
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measurements  at  the  time  the  scintillation  data  was  taken.  On  day  three  the  sky  was 
partly  cloudly  and  the  value  of  changed  rapidly  as  the  sun  came  out.  This  could 
account  for  the  anomalous  seeing  measurement  which  was  taken  8  minutes  before  the 
scintillation  data  was  recorded. 

4.  WHITE  PHOSPHORUS  SMOKE 

White  phosphorus  smoke  clouds  were  generated  by  firing  smoke  grenades  from  a  tank 
launcher.  This  experiment  and  the  following  ones  had  a  600  meter  propagation  path. 

The  transmitted  signal  versus  time  for  the  HeNe,  QaAs  and  CO2  laser  systems  are  shown 
in  Figures  7,  8,  9.  There  was  no  effect  on  the  MMW  signal.  The  lowest  signal  which 
could  be  measured  was  0  counts.  To  indicate  how  many  points  had  zero  counts, all  these 
points  are  plotted  as  a  random  number  between  0  and  minus  1.  The  region  of  high 
attenuation  lasted  several  minutes.  There  were  no  holes  In  the  smoke;  however,  there 
were  large  variations  In  the  attenuation  occurring  on  a  time  scale  of  about  10 
seconds  I 

An  examination  of  the  scintillation  amplitude  does  not  show  any  significant  change 
us  the  attenuation  changed.  Therefore  for  white  phosphorus  smoke, the  effects  of  atte¬ 
nuation  and  scintillation  are  additive  in  producing  an  Increase  in  bit  error  rate. 

The  relative  attenuation  of  the  different  sensors  can  be  found  by  plotting  the 
signal  level  of  one  sensor  versus  another  for  each  pulse.  This  Is  shown  for  QaAs  vs 
HeNe  In  Flgurt;  10  and  OaAs  vs  COg  in  Figure  11.  The  relative  attenuation  Is  found 
from  the  slope  of  the  line  drawn  through  the  points.  Doing  this,  one  finds  that  HeNe 
has  times  tlio  extinction  coefficient  of  OaAs  while  the  COg  laser  has  0.15  times 
that  of  (iaAs.  As  previously  mentioned ,  ttie  MMW  system  had  no  attenuation.  Thereforo 
the  HeNe  laser  signal  Is  very  serusltlve  to  white  phosphorus  smoke,  the  OaAs  laser 
system  Is  moderately  affected,  while  the  COg  laser  system  Is  only  slightly  affected, 

5 .  DUST 

Dust  was  generated  hy  driving  n  truck  which  was  dragging  a  wire  fence  along  a  illrt 
road  thrit  crossL'd  the  transmission  path  of  the  .sensors.  Klgiii’es  1?,  13  and  lA  show 
the  time  hliitory  of  tlie  HeNe,  OaAs  and  c'.Dg  laser  retujrns  for'  one  nm  with  the  plots 
starting  .lust  after  tlie  trui‘k  passed  through  tin-  field  of  view.  The  MMW  signal  Is  tint 
rdiuwn  liiM’.aiise  eih'i’  again  It  was  unaffected  by  tlu'  oliscurant.  The  time  duration  of  the 
rlui'.t,  id' f  ee  I,  wli  1  ell  la  'll)  :ii"’i)rida  In  thin  ease, la  hlglil.v  lependenl  on  Weal. her  eon- 
dP  Inna. 
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Notice  that  the  scintillation  Initially  decreases  as  the  attenuation  Increases. 

The  scintillation  was  examined  more  closely  at  various  levels  of  attenuation  and  the 
results  are  summarlued  In  Table  I.  For  7dB  of  OaAs  attenuation  tliere  Is  a  reduction 
of  the  scintillation  In  the  3  laser  sensors.  The  scintillation  then  rises  rapidly  as 
the  attenuation  Increases.  For  the  HeNe  laser  the  reduction  In  scintillation  when  the 
3aAs  attenuation  is  7dB  almost  compensates  for  the  reduced  signal  level, 

Table  I.  Variance  of  Log  Intensity  for  Various  Levels 
of  Dust  Produced  Attenuation 


OaAs  Attenuation  (db) 

HeNe 

OaAs 

C02 

0 

.1^15 

.063 

.017 

7 

.087 

.041 

.013 

10 

.16 

.10 

.025 

so  that  low  levels  of  dust  do  not  affect  the  bit  error  rate  significantly.  Since  the 
scintillation  rate  with  no  attenuation  Is  lower  for  QaAs  and  the  COg  system,  the 
reduction  of  scintillation  Is  not  as  significant  at  this  attenuation  level.  For  the 
OaAs  system, the  reduction  In  scintillation  reduces  the  attenuation  effect  by  2dB, while 
It  has  hardly  any  effect  for  the  COj  sensor.  Since  the  scintillation  still  Increases 
with  frequency  of  the  signal,  It  produces  a  more  detrimental  effect  on  the  higher  fre¬ 
quencies  . 

The  attenuation  varied  over  lOdB  In  periods  of  about  5  seconds.  In  an  actual 
battlefield  situation ,  the  source  of  the  generators  of  dust  would  be  generally  local 
and  may  be  transitory.  Therefore,  a  strategy  of  repeating  the  message  every  several 
seconds  would  be  the  most  effective  in  getting  the  message  through. 

The  extinction  coefficient  Is  found  by  plotting  one  sensor's  data  versus  the  other 
In  Figure  15  and  16.  Prom  these  the  extinction  coefficients  are  found  to  be  the  same 
for  the  HeNe  and  OaAs  while  CO2  Is  0,7  of  the  other  two.  Therefore,  the  effect  of 
dust  Is  about  the  same  for  all  these  laser  systems  with  COj  having  a  slight  advantage. 
Dust  has  no  effect  on  the  MMW  signal. 

6 .  HO  .gMOKE 

The  hexachloroethario  (HC)  smoke  was  generated  by  military  smoke  pots.  There  was 
total  visible  obscuration  for  several  mlnute:i  at  a  time  under  the  conditions  of  the 
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teat.  Attenuation  levels  greater  then  30dB  were  recorded  for  both  tlie  OaAs  and  HeNe 
lasers.  Figures  17,  18  and  19  are  plots  of  the  HeNe,  QaAs  and  COp  signals  versus  time 
during  a  period  when  the  smoke  was  dissipating  and  transmission  holes  were  developing 
in  tile  smoke.  There  was  no  effect  of  the  smoke  on  the  MMW  signal  luring  this  entire 
test.  Figures  20  and  21  are  relative  attenuation  plots  of  the  QaAs  signal  versus  HeNe 
and  CO2.  From  these, one  determines  that  HeNe  has  1.2  times  and  CO2  has  less  than  .02 
times  the  extinction  coefficient  of  OaAs, 

During  some  periods  of  the  test, the  OaAs  and  HeNe  attenuations  were  greater  than 
30dB  for  over  a  minute.  There  la  no  effective  strategy  to  use  in  this  situation  to 
get  the  signal  through.  As  the  smoke  Is  dissipating,  the  attenuation  experiences 
rapid  changes  In  level  over  periods  of  several  seconds.  In  this  situation  , 
repeating  the  signal  when  the  target  was  visible,  which  was  about  every  second  in 
these  testa,  would  be  the  most  effective  strategy. 

The  relative  scintillation  level  did  not  change  much  with  attenuation  and  the 
effects  of  scintillation  and  attenuation  would  have  an  additive  effeot  on  the  bit 
error  rate. 

7 .  ARTILLERY  SHELLS 

To  simulate  an  artillery  shell  landing  in  the  transmission  path,  lOgmm  shells  were 
burled  2  feet  underground  between  the  transmitters  and  receivers.  At  the  time  of 
shell  detonation  the  transmission  fell  to  zero  for  all  sensors , indicating  that  the 
attenuation  is  greater  than  30dB.  This  total  obsouratlon  lasted  for  approximately  1.5 
seconds  followed  by  a  rapid  recovery  to  a  level  with  about  lOdB  attenuation.  The 
transmission  then  gradually  recovered  to  the  non-obscurant  level  In  5-10  seconds. 
Figure  22  shows  the  time  history  of  the  MMW  signal, which  is  typical  of  the  other  sen¬ 
sors.  Figures  23  and  24  show  a  comparison  of  the  QaAs  signal  to  HeNe  and  COs*  The 
attenuation  at  any  time  la  equal  for  all  the  sensors , which  indicates  that  the  par¬ 
ticles  thrown  up  by  the  explosions  are  large  compared  to  all  wavelengths  and  the  atte¬ 
nuation  is  equal  to  the  percentage  of  the  sensors  field  of  view  which  Is  obscured  by 
the  particles. 

Because  of  the  total  signal  obscuration  Immediately  after  the  shell  explodes,  a 
tranirUnlsHloii  would  have  to  be  repeated  several  seconds  after  the  hurst  In  order  to  get; 
u  message  through.  In  these  experiments  the  dust  produced  by  the  falling  debris  blew 
out  of  the  beam  so  tliat  no  effect  of  dust  is  present.  In  the  case  of  shells  exploding 
upw  Uid ,  ttio  t'e  would  be  Just  effects  If  the  ground  were  not  too  wet, 
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7.  CONCLUSIONS 

A  measurement  syatora  to  record  almultaneous  measurements  at  3  laser  frequencies 
and  at  9?-70Lz  was  built  and  tested  In  the  field.  This  system  gave  results  In 
agreement  with  theory  when  atmospheric  turbulence  was  measured.  The  relative  atte¬ 
nuation  between  the  three  laser  frequencies  waa  measured  with  white  phosphorus  smoke, 
HC  smoke,  dust  and  105mm  shell-produced  debris  in  the  transmission  path.  A  summary  of 
these  measurements  la  given  in  Table  II. 


Table  II.  Relative  Extinction  Coefficients  of  Variouo 
Sensors  Compared  to  a  QaAs  Laser. 


Dust  Artillery 


White  Phoephorus 
Smoke 

HC 

Smoke 

0.6326 

Mm 

2.1 

1.2 

o.goA 

Mill 

1 

1 

10.6 

Mm 

0.15 

<.015 

92.7 

OHz 

0 

0 

The  MMW  system  Is  the  most  desirable  for  a  communication  system  when  transmission 
effects  are  considered.  The  COg  system  is  next  in  desirability  because  It  is  affected 
to  only  a  rmall  degree  by  white  phosphorus  and  HC  smoke  and  because  turbulence  effects 
are  not  as  severe  as  at  the  higher  frequencies. 

The  effects  of  the  obscurants  are  additive  to  those  of  turbulence  when  considering 
tranomlsslon  effects  except  In  the  case  of  dust.  For  low  attenuation,  the  scin¬ 
tillation  decreases  to  reduce  the  effect  of  the  dust  on  the  communication  system.  The 
Bolntlllation  reduction  is  no  longer  evident  once  the  attenuation  exceeds  lOdB, 
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ritJUKH  7.  TRANSMISSION  OF  A  HeNe  LASER  SIGNAL  FIGURES.  TRANSMISSION  OP  A  GaAs  LASER  SIGNAL 
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10.  RELATIVE  TRANSMISSION  OP  OaAs 
AND  HeNe  USERS  IN  THE  PRESENCE 
OP  MinE  PHOSPHORUS  SMOKE. 


A- 6 


i 
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figure  15.  REUTIVE  TRANSMISSION  OF  HeNe  AND 
GaAs  LASER  SYSITiMS  WITH  DUST  IN  THE 
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riOURTi  20.  REUnVE  TRANSMISSION  OF  GaAs  AND 

HeNe  LASER  SYSTEMS  WITH  SMOKE  PRESENT, 


FIGIIRH  21.  RlilJNTIVR  TRANSMISSION  OP  O.nAs  AND 

a)2  lASr-R  SYSTEMS  WITH  SMIKF.  PRESI-NI 
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TIME  (i) 

FIGURE  22,  TIME  HISTORY  OF  NWW  TRANSMISSION 
WHEN  A  lOSmin  SHELL  EXPLODES  IN 
THE  SIGNAL  PATH 
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SIGNAL  LEVEL  HtNt  (dB) 

FIGURE  2J.  RELATIVE  TRANSMISSION  OF  GaAs  AND 
HeNe  LASERS  WHEN  A  lOSmii  SlfliLL 
EXPLODES  IN  HIE  SIGNAL  PATH. 
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CANADIAM  PROCRAM  IN  AMTl-IH 
SCREEMIMC  AEROSOLS 

R,  E.  Kliichert 

Dcfc?nce  ReHcarch  E*itabHHhmenl  Valcartier 
Courr.eletto,  Qtie,  Cnnadn 


ABSTRACT 

Tlte  Defence  Restarch  Establishment  Valcartier  has  been  active  over  the  past  three  years  In  the 
development  and  testing  of  XR  obscuring  aerosols.  An  Instrumented  300  aerosol  test  chamber 
was  developed  and  a  aeries  of  low-temperature  transmission  experiments  carried  out  on  military 
screening  agents  and  potential  new  XR  screening  materials.  A  mobile  "laser  Cloud  Mapper"  instrument 
was  commercially  developed  for  the  rapid  three-dimensional  sounding  of  amoUe  clouds  over  the  angular 
limits  of  900  aximuth  x  10°  elevation  and  over  a  maximum  range-gate  of  675  m.  Rasett  on  a  method 
proposed  by  Klett,  linear  extinction  coefficients  were  calculated  from  digitised  backscatter  data 
that  were  collected  during  recent  field  trlala  with  HC  and  red  phosphorus  generated  smoko  clouds. 

Thu  DREV  research  activity  will  continue  on  cold  weather  evaluations  of  candidate  TR  acreening 
materials.  An  extansive  R&D  program  Is  also  evolving  through  research  contracts  with  industry 
and  university.  An  analysis  of  the  application  of  screening  clouds  for  the  protection  of  armored 
vehiclea  ahows  that  smaller  clouds,  asquenclally  disseminated  closer  to  the  tank,  provide  a  more 
officiant  screening  performance.  Froposals  are  made  for  collaborative  research  work  with  U.  S. 
laboratories. 

Requests  for  copies  of  this  paper  (which  are  Confidential)  should  be  sent  to  the  following 
address  I 

Chief  of  Defense  Researcli  Establishment,  Valcartier 
F.  0,  Box  6800 
Courcelette,  Quebec 
GOA  IRU;  Canada 
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Bruce  W.  Kennedy 

US  Arruy  Atmospheric  Sciences  Laboratory 
White  Sands  Missile  Range.  New  Mexico  BBOOB 

ABSTRACT 

The  Atmospheric  Sciences  Laboratory  has  conducted  three  major  field  tests  to  determine  the 
•effects  of  battlefield  dust  on  electro-optical  transmission.  Dust  Infrared  Test-I  (DIRT-I)  was 
performed  at  White  Sands  Missile  Range  (WSMR)  1n  dry  sandy  soil  utilizing  arrays  of  munitions, 
high  expolsives,  and  barrage  artillery  firings.  DIRT-Il  was  also  conducted  at  WSMR  and  consisted 
''of  detonations  of  single  projectiles,  high  explosive  charges,  and  single  artillery  firings  In 
moist,  silty  clay.  DIRT-IIIA  and  B  were  held  at  Fort  Polk,  Louisiana,  in  sandy  clay.  The  first 
part,  DIRT-IIIA,  consisted  uf  single  explosions  of  munitions  and  HE;  DIRT-IIIB  was  single  HE 
detonations  In  prepared  or  tailored  soils. 

A  motion  picture  film  entitled  "Dusty  Infrared  Te.st  Series"  has  been  produced  describing  each 
test,  the  Instrumentation  used,  and  some  results.  The  16-iiw  color  film  has  narration  and  sound, 
and  the  running  time  1s  U  minutes. 
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DUSTf  ItiFRARED  TEST  HI  (DIRT-III) 

PBOJECT  SUMMARY  ^ 

Bruce  W.  Kennedy 

US  Anay  Atmoaohcrlc  Sciences  T,nboratory 
White  Sands  Missile  Range,  MM  88002 

ABSTRACT 

The  Dusty  Infrared  Test  III  (DIRT-III)  was  conducted  at  Fort  Polli,  Louisiana,  during  Aprll-May 
1980.  The  tests  were  divided  Into  two  parts.  DIRT-lIIA  consisted  of  explosions  of  munitions  ana  high 
explosives  in  the  natural  soil.  OIRT-IIIB  consisted  of  detonating  high  explosives  on  tailored  soils. 
The  major  purpose  of  DlRT-IIIA  was  to  measure  the  transmission  of  electro-optical  and  millimeter 
radiation  through  dust  clouds  produced  by  the  explosions.  The  soil  at  Fort  Folk  offered  an  extreme 
departure  from  soils  of  the  previous  DIRT-I  and  DIRT-II  testa.  DIRT-IIIB  tailored  soils  were  sand, 
silt,  clay,  and  kaollnlte  that  were  varied  in  moisture  content  from  dry  to  wet.  Electro-optical 
transmission  measurements  were  also  made  through  the  dust  clouds. 

1 .  INTRODUCTION 

The  Dusty  Infrared  Test  III  (DIRT-III)  project  was  the  continuation  of  a  series  that  started  with 
DIKT-I  at  White  Sands  Missile  Range  (WSMF.),  New  Mexico,  October  1978,  and  DIRT-11  at  WSMR  during  July 
1979.  DIRT-III  was  conducted  at  Fort  Polk,  Louisiana.  Each  field  experiment  had  unique 
characteristics,  but  the  purpose  of  the  three  projects  was  to  measure  the  transmission  of 
electro-optical  (ED)  and  millimeter  energy  through  dust  clouds  produced  by  high  explosive  (HE) 
detonations.  Correlative  measurements  were  made  of  cloud  dynamics,  soil  characteristics,  cloud 
particles,  meteorology,  and  crater  size. 

Fort  Polk  was  selected  for  DIRT-III  because  a  radical  change  of  soil  and  cllmsts  wore  needed >  The 
coll,  silty  sand  and  heavy  clay,  was  very  moist.  The  region  was  surrounded  by  a  pine  forest.  Air 
masses  varied  from  continental  to  maritime  and  combinations  of  both.  The  UlRT-IIl  project  wes  two 
sequential  tests!  DlRT-lIlA  was  performed  in  the  natural  soil;  DIRT-IIIB  was  conducted  In  carefully 
selected  and  controlled  soils.  DlRT-IlIA  consisted  of  static  detonations  of  single  HE  charges  and  of 
foreign  and  domestic  ammunition,  while  DIRT-IIIB  used  only  uncased  HE  cherges. 

2.  DIRT-III  OVERVIEW 

DIRT-lllA  Wiis  conducted  rts  a  Joint  project  between  the  Electro-Optics  Division,  US  Army  Atmospheric 
Sctencus  Laboratory  (ASL)  and  the  Explosion  Effects  Division,  US  Army  Engineer  Waterways  Experiment 
Station  (WES)  between  lA-23  April  1980.  The  location  was  Range  37,  Fort  Polk  (see  figure  1).  The  WES 
progr.iiii  was  known  as  Munitions  Bare  Charge  Eijulvalence-BO  (MBCE-00) 
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DIRT-IIIB,  conducted  between  28  April  and  1  Hay  1980,  was  a  cooperative  effort  between  ASL  .>nd  the 
Environnental  Systeoa  Dlvlalon,  Environmental  Laboratory,  WES.  The  WES  title  for  the  project  was 
battlen.  ld  Environment  Tailored  Sofia  (BETS).  It  was  also  conducted  at  Fort  Polk. 

The  objectives  of  DIRT-IIXA  were: 

a>  Comparison  of  craters  formed  by  the  detonation  of  artillery  aunltlona,  Including  lOS  aa,  15S  mm, 
122  nm  USSR,  and  152  mm  USSR,  with  those  formed  by  C-4  explosives  In  noli  conditions  and  In  an 
atmospheric  environment  that  were  significantly  different  from  those  of  DlRT-1  and  DIRT-Il 

b>  Measurement  of  dust  cloud  growth,  movement,  and  diffusion 

c.  Soli  characterlratlon  of  Che  test  area 

dt  Measurement  of  local  meteorology  during  the  test  period 

e.  Determination  of  BO  transmission  properties  through  dust  clouds 

f>  Sampling  of  particle  slsa  distribution  In  the  dust  clouds 

g,  Examination  of  the  explosive  equivalence  between  cased  (munitions)  and  uncased  bare  charges 

t)lR'r-lLXB  was  concerned  with  the  influence  of  various  types  of  soils  and  moisture  content  on  EO  and 
milllnietur  energy  attenuation.  Sand,  silt,  clay,  and  kaolin  were  used  ss  the  test  materials,  and  dust 
clouds  were  produced  by  detonating  charges  of  M118  demolition  blocks  over  preparsd  test  pits. 
Meuoureroents  similar  to  those  of  DIRT-IIIA  were  made  for  DIRT-IIIB.  Table  I  suramarlres  the 
Instrumentation  used  In  support  of  both  projects. 

3.  SITE  CONFIGURATION 
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area  waa  located  closer  to  the  northern  end  of  the  path.  The  nearest  detonation  to  the  south 
Inatrumcntatlon  situ  was  374  m  and  the  most  distant  was  724  m.  The  WSMR  digital  Imagery  system  and  the 
Colorado  State  University  (CSU)  meteorology  equipment  were  Just  over  400  ra  In  a  southeasterly  direction 
and  nearly  perpendicular  to  the  teat  area. 

The  forest  surrounding  Range  37  was  primarily  of  pine  with  some  hardwood  mixture.  In  preparing  for 
''the  project,  clear  lines  of  sight  were  cut  during  January  198LI  along  and  perpendicular  to  the  optical 
path  for  photographic  and  observational  purposes.  Host  trees  were  very  young  pine  that  were  3  to  4  m 
tall,  but  some  larger  trees  were  also  felled.  As  part  of  their  controlled  burning  procedure,  the  US 
Forest  Service  burned  the  grass  from  the  teat  area  In  February  1960.  However,  by  the  time  the  hlRT-lII 
project  started,  grasses  had  begun  to  grow.  Other  than  from  the  necessary  vehicular  t'afflc  In  the  test 
area,  the  soil  waa  not  disturbed. 

In  spite  of  tree  cutting,  the  forest  played  a  dominant  role  in  the  behavior  of  prevailing  winds.  It 
was  for  this  ra.iiaon  that  meteorological  measurements  were  made  at  four  locations.  The  CSU  forest 
meteorology  meuauraments  combined  with  those  of  ASL,  were  made  specifically  to  address  this  complex 
problem.  (See  figure  2,  legend  It.emc  7,  24,  29,  and  38.) 

The  terrain  was  gently  rolling  with  the  test  area  about  17  m  lower  than  the  south  Instrumentation 
site.  Figure  3  shows  a  profile  along  the  optical  path. 

4.  DIRT-IIIA  TESTS 

Forty-four  tests  were  conducted.  All  were  static  detonations  of  munitions  and  bare  charge  C-4  HK. 
Chargea  werui  (1)  placed  tangent  to  the  surface  (ST)  inclined  at  20“  and  rotated  at  45“  to  the  optical 
path,  (2)  burled  so  that  the  top  of  the  charge  or  projectile  was  tangent  to  the  ground  surface  (STB), 
(3)  shallow  burled  (SB)  to  depths  of  approximately  0.75  m,  and  (4)  derjp  burled  (DB)  to  depths  greater 
than  I  m.  Both  on-axls  and  off-axis  test  locations  were  used.  Table  2  summarizes  the  test  schedule  and 
Includes  survey  location  and  surface  weather  observation  at  the  south  Instrumentation  site. 

Figure  4  Is  a  photograph  comparing  the  sizes  of  ammunition  used  tor  the  tests.  Table  3  describes 
ainmun  1 1  Ion  characteristics. 
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The  U.9  and  6.8  kg  chargea  of  C-4  were  made  up  from  Individual  blocks  tapped  together.  ST  and  STB 
packages  were  Inclined  at  lO^lnillary  co  the  projectiles.  SB  and  DB  charges  were  oriented  vertically 
and  so  were  the  SB  and  DB  projectiles.  Each  projectile  received  approximately  0.2  kg  booster  charge  ti. 
the  fuae  cavity. 

5.  DIRT-IIIB  TESTS 


Forty-four  tests  were  conducted.  Emphasis  was  placed  on  tailored  wolls  and  not  on  charge  types,  so 
almost  every  charge  was  a  2.27  kg  tapped  package  of  military  plastic  explosive,  H118  demolition  block. 
One  larger  charge  of  4.5  kg  was  used  for  scaling  purposes.  411  charges  were  laid  horleontally  on  the 
surface  except  for  tests  TS  43  and  TS  44  In  which  the  chaTTges  were  buried  for  scaling  studios.  Table 
4  sunmarlted  tailored  soils  testa. 

The  dry  silt  and  clay  were  brought  to  Fort  Polk  from  WES  at  Vicksburg,  Mississippi,  by  truck. 
Packaged  kaollnlte  in  powdered  form  was  also  brought  from  WES.  Sand  was  acquired  locally  from  a 
concrete  company  and  had  not  been  subjected  to  the  drying  process  as  had  the  silt  and  clay.  Test  pits 
were  dug  with  a  backhoe  and  filled  with  the  desired  soil. 

6.  SUPPLEMENTAh  TESTS 

A  number  of  supplemental  tests  were  conducted  aside  from  the  HE  dust  test.  These  Included; 

a.  Measurement  of  fog  droplet  size  and  other  associated  meteorological  parameters  on  16  April  1980 

b.  Rain  obscuration  of  visible,  Infrared,  and  95-CHz  energy;  rain  rate  and  drop  size;  related 
meteorological  parameters  on  17  April  1980 

c.  Slmultxnuous  measurements  of  forest ^ meteorology  by  ASL  and  CSU  Instrumentation  throughout  the 
night;  meaaureraent  of  95-CHz  sclntjy^latlon  before,  during,  and  after  sunset  and  sunrise  on  22  and  23 
April  1980 
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d.  Ninety-five  GHz  backscatter  from  a  lOb-mm  projectile 

0.  Obscurafloii  of  visible  and  InfraicH  energy  by  vehicular  dunt  on  21  April  1980 

7.  RAINFALL  AND  DUST 

In  the  eprlngtlme,  west-central  Louisiana  Is  very  wet.  Fortunately,  the  weather  was  fairly 
cooperative  during  the  tests,  but  heavy  rnlna  before  the  start  of  DIRT-ItlA  and  again  before  DIRT-'IIIB 
kept  the  soil  saturated  and  made  trafflcablll ty  difficult-  On  the  nornlng  of  12  April  1980,  Fort  Polk 
recorded  about  14  cm  of  rainfall  In  3  or  4  h.  Five  cm  were  recorded  on  13  April  1980.  A  drying  trend 
then  prevailed  until  17  April  1980  when  thunderstorms  moved  through  the  area.  Other  periods  of  moderate 
to  heavy  rainfall  occnired  on  23  April  and  2S-27  April  1980.  Light  rain  was  recorded  on  18,  21,  22,  and 
24  April  1980,  and  on  1  May  1980. 

Between  perl.  Is  of  heavy  rainfall,  the  surface  layer  of  soli  began  to  dry.  A  few  days  after  heavy 
lalne,  vehicles  traveling  on  the  dirt  access  road  to  the  test  area  began  to  stir  up  dust.  Dotonatlons 
In  very  wet  eoll  produced  what  appeared  to  be  a  gray  smoke  cloud.  However,  even  the  exploalons  In 
heavily  aeturuted  soil  showed  significant  obscuration  of  visible  and  IR  energy.  Duration  of  obscuration 
was  considerably  leas  chan  was  observed  at  DIRT-I  and  DIRT-II  tests.  Also,  the  wet  soil  provided  strong 
backscatter  and  attenuation  for  the  95-GHz  radar  for  both  on-axls  and  off-sxls  shots. 

8 .  DATA 

Figure  5  through  13  show  prellmlnsry  data  from  DIRT-III. 
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TABLE  INSTRUMENTATION  SUPPORT  FOR  DIRT-III 


In'.)  t'uiiicnt.it  ion 

Aoency 

In  Support  of 
117^177:77:  [TiRTrim 

96  GHz  radar 

Night  Vision 

Electro-Optics 

Laboratories 

X 

X 

0.66um,  1.06'im,  10.37iim 
transmlisoirteter 

Naval  Research 
Laboratory 

X 

X 

32-m  meteorological  tower 

ASL 

X 

X 

4-m  liioteorological  tower 

ASL 

X 

X 

2-m  meteorological  tower 

ASL 

X 

X 

Scintillometer 

ASL 

X 

X 

Forward  scatter  meter 

ASL 

X 

X 

Rain  rate,  drop  size 

ASL 

X 

X 

Rawinsoride 

Fort  Polk 

Metro  Ttam 

X 

X 

V 1  s  1  b  1 1 1  ty 

ASL,  Naval 

Research 

Laboratory 

X 

X 

Surface  observation,  forecast 

Air  Weather 
Service 

X 

X 

Acoustic  sounder 

ASL 

X 

X 

Tethered  meteorological 
balloon 

esu 

X 

ZO-m  meteorological  tower 

esu 

X 

digital  Imagery 

ASL  and 

WSMR 

X 

X 

Cloud  particulates 

ASL 

X 

X 

Soil  shockwave  transmission 

WES 

X 

Survey 

WES 

X 

X 

Soil  characteristics 

WES.  ASL 

X 

X 

Crater  measurements 

WES 

X 

X 

Photography 

WES 

X 

X 

38-  and  60-GHz  attenuation 

Communications 
RSD  Command 

X 
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TABLE  IV.  SUHMAHy  OF  DIBT-IIIB 
““  DIRT-1  IlB  fESf  SCHIOULE 


T-rraB"' 

4-26-80 

4-28-80 

4-26-80 


n - in;™ — 


TIME  TYPE 

TBT — • 
“itJt  Try  0117 

1066  Dry  ci«y 

1123  CUy/Stnd,  Dry 

0768  Cliy.  Day 
0821  Cliy,  Stnd.  Dry 
0843  Cl«y,  Stnd,  Dry 
0913  Silt,  Dry 
0936  Sm,  Dry 
0966  Silt,  Stnd,  Dry 
1026  Silt,  Sand,  Dry 
1216  Silt,  Dry 
1239  sm.  Dry 
1306  Silt,  Sand,  Dry 
1337  Sand,  Dry 
1402  Sand,  Dry 
1429  Silt,  Sgnd,  Dry 
6?36  Silt,  Dry 
08D7  Sand,  Dry 
0833  Sand,  Dry 
0901  * 

0923  * 

0967  Slit,  Holst 
1041  Silt,  Moist,  10  1 
1122  Clay,  Moist 
1233  Clay,  Moist 
1304  Sand,  Dry 
1328  •* 

1344  Sand,  Moist 
1404  Sand,  Moist 

■TrraTTaylid't - 

0830  Clay,  Wat 
0668  sm.  Wet 
0924  Silt.  Uot 
0966  Sand,  Moist 
1023  Sand,  Moist 

1067  sm.  Sand,  "ry,  I 
1120  Silt,  Sand,  Dry 
1241  sm.  Sand,  Dry 
1308  sm.  Met 

1339  sm.  Met 
1418  Mrl. 

I4ny  clay.  Met 


310  9 

320  9 

300  8 

Calm  10 

Calm  10 


210  10 
260  11 
280  II 
280  II 
29D  11 

270  11 

280  10 
270  10 

270  11 

270  10 

BaTS  tr^ 
Calm  16 
Calm  16 
Calm  16 
200  1  8 
170  18 

190  18 

160  21 
100  22 
210  19 

170  16 

160  16 
160  16  . 
BaTi#  “It 
120  16 
170  16 

IBO  16 
170  16 

170  17 

190  IS 
ICO  18 
180  18 
160  17 

200  18 
170  IB 
Calm  19 


NOTEi  All  charges  6  lb  (2,27  kg)  unless 
Dtheivlse  noted,  Dimensions 
.1-1/4  a  3-t/e  «  12  '1  (6,26  x 
7,94  X  30.5  cm).  A'l  detonation 
ST  unless  noted, 


Heavy  hata  and  fog 
Fog  dissipating 


4.54  kgi  9,5  X  14  x  30  ciii 


0.11  m  to  top  of  chargei  0,16  m  to  CO 


'Kaol In  on  Clay,  Sand,  Ory 
‘•kaolin  on  Clay,  Sand,  Moist 


4-21-8(1  1326 


4-22-UO  Sunset  - 
4-21-BO  Sunrise 


special  ATMOSPHERIC  TESTS 


Vehicular  dust  transmission  measurement  by  NRL. 
Natural  envlronniertt  raonltorlng  by  ASL,  NVL,  and  CSO. 
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FIGURE  2.  UETAILEn  LAYOUT  OF  INSTRUMLNTATION  LOLATIONS  FOR  DIRT-III. 
Iree  locations  and  forest  boundary  are  estimated. 
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LEGEND  FOR  FIGURE  2 


Legend 


Coord! nates 
(m) 


Remarks 


1.  NVL  95-QHz  radar 

2.  NRL  filter  transmi ssoitieter 

3.  WES  Instrumentation  trailer 

4.  ASL  Instrumentation  van  (digital 

Imagery  system,  38-  and  60-GHt 
experiment,  particulate  data 
processing  equipment  and  laboratory 

5.  TAGS  M109  van 

6.  T-9  mount  with  Knollenberg  sensors 

7.  32-m  meteorological  tower 

8.  Acoustic  sounder 

9.  Forward  scatter  meter 

10.  60-kW  power  generator 

11.  ASL  shop  van 

12.  AWS  observation  location 

13.  WES  van 

14.  GMD  and  balloon  release  area 

15.  Division  artillery  Metro  Section 
Ifi,  Latrine 

17.  Sc1nt1l lometer  receiver 

18.  Scintllloneter  transmitter 

19.  WES  concrete  building 

20.  NVL  corner  reflector 

21.  NVL  corner  reflector 

22.  NVL  corner  reflector 

23.  NVL  corner  reflector 

24.  2-m  meteorological  tower 

25.  Optical  target 

26.  Optical  target 
26a.  Optical  target 
26b.  Optical  target 

27.  Optical  target 

28.  Optical  target 

29.  4-m  meteorological  tower 

30.  Power  generator 

31.  NRL  transmitter  (searchlight) 

32.  2-ton  van  (NRL  cavity) 

33.  CSU  tethered  balloon 

34.  Digital  Imagery  system 

35.  Power  generator 

36.  CSU  van 

37.  CSU  trailer 

38.  20-m  meteorological  tower 

*Ra1n  gauge 
*R ad lometer 


-574.24 

25.62 

-572.71 

20.00 

-572.87 

15.18 

-572.76 

6. 76 

-564. 58 

0.95 

-560.31 

-11.61 

-523.33 

-5.9 

-521.35 

7.41 

-550.0 

-50.0 

Estimate 

-546.21 

-94.85 

.517.15 

-118.92 

-520. 5 

0.72 

-273.86 

13.22 

-17.08 

96.56 

•39.86 

20.76 

148.27 

18.66 

200. 18 

17.58 

244.87 

16.56 

82.99 

-33.81 

39.1 

49.89 

Faces  south 

39.31 

-12.34 

Facos  south 

40.38 

-11.21 

Faces  east 

-0.48 

-11.26 

Faces  east 

100.67 

-10.10 

Faces  east 

141.42 

-9.96 

Faces  east 

252.61 

-23.39 

296.95 

20.47 

290.31 

28.27 

-12.04 

420.36 

425.0 

0.0 

Estimate 

538.  19 

5.88 

No  number  on  layout 

'551.46 

5.57 

No  number  on  layout 
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UNCLASSIFIED 


— —  8ANDYCUY  ,  70*n  DBPTH 

-  -  -  -  BANDY  HILT ,  HIKY ACK 

—  - SILT 

»  ■  t  •  hand 

0  •  A  0  CLAY 
kaolin 


\  \‘‘‘. 

\\\  \ 


\ 

\\ 

\  > 


COBBLES 


GRAIN  SIZE  MILLIMETERS 
ORAVEL  I  SAND  T* 


BUT  OR  CUY 


MOW  S.  SOIL  TYPES  ENCOUHTENEO  OH  TAILORED  DURtNQ  TKE  OlKI-tll  PROJECTi 
(1)  Ntturtl  RurtAcii  dirk  brow  undy  illti  (!)  niturtl  »o11.  TO  cm  d««p, 
ddlih  undy  cUyi  (3)  ktolln.  tillond  lotl  tiiti  (*)  iind  tillortd  toll  Etiti 
(5)  eUyi  tillond  toll  titti  (6)  ilUi  tillond  loll  tiiti 
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)  TEST  E  1 
1  ST 

60  \\  ON  AXIS 


40  Hi 


- O.OSum 

-  I0.37um 


TIME  •  SECONDS 


FIQURL  6.  TRANSMITTANCE  MEASURED  AFTER  THE  DETONATION  OF  AN  ST  SOVIET  16!-im  PROJECTILE  ON  AXIS 
DIffinntlil  trinsmliilon  li  ntgllgibit  ind  wii  domlnint  on  iroit  ST  tiltii 
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TRAfilSMITTANCE  TRANSMITTANCE 


UNCLASSIFIED 


TIME  •  SECONDS 


MUURt  7.  THt  TRANSHirrANCF  NUSUREO  THROUSH  A  DUST  DLDUD  PRODUCED  DY 
A  10*-niii  PROOtCTIU  TANDENT  TO  TtlE  SURFACE  ON  AXIS. 

Rotf  that  thi  vlilbli  tnirgy  ti  attinuitid  ncra  thin  tha  ntir  or  far  Infrarad. 


FIQUPt  8.  TRANSMlTTANtt  THROUQH  BUST  CLOUD  PRODUCED  87  A  BURIED  IBB-itm  PROJECTILE  ON  AXIS. 
Natl  that  tht  far  Infrarad  It  attanuatad  riiiri  than  vltibla  or  naar  Infrarid. 

Thil  phanomnon  laamad  to  oocur  iwit  fraouantly,  but  not  alwayt,  In  burlad  rounds. 
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5  10  16  20 

TIME  •  SECONDS 

ANSHInANCt:  IHHUUUII  DUST  CWD  OF  WIST  CUV  PAKTICUS  U&tU  f'OK  TAILOHED  SOUS, 
in  U  littli  or  no  daiiiiiilinct  for  thli  on  ilnji  eliy  loili. 


TIME  •  SECONDS 

I  iijUHi  in.  iKflHsniriikNd  mimouum  ixisi  r.imiO'V  hihst  sand. 

Mivulinyth  «lH(n*hil«iK'i  1‘  oluwrvHd  on  IhK  inti  dry  siiml  winf  tr«qiniflily  Ih.^n  Itirijjyh  cl*y  or 
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SAND 


SILT 


\  CLAY 


DRY  MOIST  WET 

SOIL  MOISTURE 

FIGUKE  13.  PEAK  VALUE  OK  913  GHz  BACKSCATTER  KOR  TAILORED  SOILS,  DIRT-IIIB,  ON  AXIS  TESTS  ONLY. 
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ESTIMATION  OF  PRECISION  OF  SMQKE/OBSCURANT 
MEASUREMENTS  AND  PRODUCT  VARIABILITY 


laniea  K.  o'llryim 

Army  Miiti-rli  l  Syiitnnis  Alinlyrl.'i  Artlvlty 
(SiiiokL'  Arrosiii  WorkXii)>  Group) 

Aberdeen  Proving  Ground,  MD 

ABSTRACT 

An  understanding  ol  the  preolHlon  of  measurement  (or  improclslon  of  meoaurument)  of  various 
•purametera  measured  during  emoke/obscuranto  testing  Is  of  paramount  Importance!  Apparent  disagreement 
In  results  between  tests  of  like  munitions  under  like  conlltlons  con  be  attributable  to  a  number  of 
factors,  not  the  leact  of  which  is  the  mensurament  error  of  the  various  pieces  of  Instrumentation  being 
usedi  A  statistical  technique  and  computer  model  are  presented  which  allow  for  the  esi  Lmutlon  of 
measurement  error  when  simultaneous  maasurements  of  successive  occurruncee  of  the  same  phenomona  are 
made  by  two  or  more  Instruments.  The  technique  also  provideu  an  estimate'  of  Che  real  product  vnrl- 
'ablilty.  Outlier  uechnlques  and  significance  tests  are  also  incorporated  to  ondable  the  user  to  apply 
the  methodology  under  u  number  of  testing  sltutatlons. 


1.  INTRODUCTION 

Smoke/Obscurant  testing  Is  "nonreplloutnble".  obscurants  ars  destructively  tested  and  cannot  gsn- 
crally  be  retrieved  for  supplementary  anelysds.  Hence,  one  must  rely  on  whatever  data  can  be  obtained 
in  real  time  (  and  subeequent  analysis)  to  determine  cloud  size,  transport,  transmission  through  It 
and  other  parameters. 


More  and  more  InstrumenCs  are  being  manufactuied  which  can  measure  a  wide  range  of  obscurant 
charsoterlstlcs  using  a  variety  of  physical  techniques.  Wltli  this  comes  the  promise  of  obtaining  estl- 
maCes  of  how  well  the  Instruments  themselves  are  behaving  In  regard  to  their  bias  errors  and  random 
imprecision. 


The  methodology  presented  here  was  originally  developed  for  use  In  estlmstlng  the  precision  of 
measui'omunt  of  veloclmeters  used  to  meaeura  muzzle  veloclciee  of  artillery  shells  and  la  contained  In 
Reference  1.  The  ssms  nechodelogy  can  be  applied  to  smoke/aeroeol  meaeuramentai  provided  the  test  pro- 
ceduree  described  herein  are  applied. 


When  one  Is  taking  measurements  with  the  same  Instrument  of  successive  occurences  of  the  same 
phenomena,  one  can.  then  cor pute  the  variance  and  mean  of  the  sample.  If  the  measuring  instrument  has 
some  sort  of  maasurrment  error,  this  error  becomes  part  and  parcel  of  the  sample's  statistics  unless 
one  can  somehow  "strip  out"  this  error  from  the  real  variability  (product  variability)  and  real  mean 
of  the  phenomena  being  measured.  This  task  is  complicated  further  if  the  phenomena  are  non-rplicn- 
table,  ns  la  the  case  with  destructive  testing. 
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When,  however,  two  or  more  Instrumenta  Independently  nnd  simultaneously  measure  successive  occur¬ 
rences,  It  is  possible  to  estimate  both  the  true  product  variability  and  the  precision  (or  Imprecision) 
of  measurement  of  eai  li  instrument  used.  These  methods  have  been  publislied  by  (.rubbs.^ 

These  methods  were  later  expanded  to  the  case  where  one  wishes  to  detcsniilne  whether  a  given 

3 

measuring  Instrument  Is  operating  as  consistently  as  two  other  known  Instruments.  The  nomenclature 
In  this  report  is  consistent  with  that  found  In  the  referenced  reports. 

A  minimum  of  two  Instrumenta  simultaneously  measuring  Is  needed.  If  three  or  more  Instruments  are 
used,  estimates  of  measurement  can  be  made  which  are  totally  free  of  the  variability  of  the  phenomena 
observed.  This  results  in  more  direct  comparison  of  the  errors  of  measurement  of  each  instrument.  The 
procedures  discussed  here  involve! 

(1)  The  estimation  of  the  precision  of  measurement, 

(2)  Estimation  of  product  variability  and, 

(3)  Significance  testa  for  comparing  the  precisions  of  measurement  of  N  Instruments 

(2  <N  <10)  and  determining  whether  a  given  Instrument  has  a  bias  which  Is  so  large 
compared  to  that  of  the  other  measuring  devices  that  the  instrument  needs  calibration, 

2.  STATISTICAL  OVtRVIEW 

A,  Statistical  Assumptions 

The  following  statistical  overview  is  reproduced  from  References  2  and  3  to  enable  the  computer 
program  user  to  understand  the  functioning  of  the  progrnm.  References  are  made  in  the  examples  to 
equations  discussed  here.  For  a  comprehensive  understanding  of  the  statistical  basis  for  the  program, 
he  reader  la  encouraged  to  study  the  referenced  publications. 

We  shall  first  define  some  bsslc  terminology.  Belov  we  see  tabulated  pairs  of  data  points 
measured  simultaneously  by  two  Instruments,  and  l2> 


^O'Bryon,  J.  R.,  "Estimation  of  Precision  of  Measurement  and  Product  Variability!  A  Computer  Model," 
ARBRLMR  No.  2778,  Aug.  1977. 

2 

Crubbs,  F.  E. ,  "On  Estimating  Precision  of  Measuring  Instrumentr  id  Product  Variability,"  Journal  of 
the  American  Statistical  Association,  Vol.  43,  p  243-264,  June  iv ':t 

Grubbs,  P.  E. ,  and  O'Bryan,  J.  P.,  "The  Statistical  Comnarlson  of  Measuring  Instrumentation,",  BKl. 
ARDC  Technical  Report  No.  11  (AD  732  428),  July  1971. 
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where  "  the  true  value  of  the  characteristic  considered,  where  1  represents  the  1th  Item  In  the 
sample, 

ej^j"  the  error  In  measurement  of  the  1th  Item  by  the  Jth  Instrument,  Ij. 

It  Is  assumed  that  both  the  characteristic  being  measured  and  the  errors  of  measurement  are  norm¬ 
ally  distributed  and  that  the  absolute  values  of  the  characteristic  measured  and  the  errors  of  measure¬ 
ment  are  statistically  independent,  i.e, , 

HCx^P  .  .  E(XjP)  .  E(ej^q). 

tn  addition.  It  Is  assumed  that  the  error  of  measutemenC  of  the  different  Instruments  are  statis¬ 
tically  Independent  of  each  other,  l,e>. 

It  Is  i-’lso  assumed  that  the  errorj  of  measurement  are  significantly  smaller  than  the  real  value  of 
the  characterlsrlc  being  measured. 

B.  General  Case;  Estimation  of  Precision  of  Measurement  and  Product  Variability! 

The  basic  way  In  which  the  computer  progiara  is  used  Is  In  e..tlmating  the  precision  of  messuremr.nt 
and  product  vorlnblllty  given  observations  from  2  to  10  instruments  simultaneously. 

Since  the  atutlstlcal  treatment  la  somewhat  different  for  the  turn  Instrument  case,  this  statls- 
tlciil  summary  ‘s  presented  in  two  parts. 


Measurements  by  I, 


*1  *  ®12 


"i  *  *12 


*n  *  *n2 
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(1)  Two  Instrument  Case.  For  this  case,  there  are  two  methods  for  estimating  precision  of 


measurement . 


We  take  as  an  estimate  of  the  variance  In  errors  of  raeaaurments  of  instruments  Ij, 

est.  (a  -  S  ,  -  (1) 

'  el  ■'  x*el  x<-el  ,x+e2 

where  ®x*el,x*e2  *  tvT  *  *11^  -  Cx  ♦  ej)|  |  (x^  ♦  -  (x  ♦  Bj)| 

1  i  " 

•  j  "  iJj  ^*1  *  *il^  ^*21  *  *125 

■  fjj  f*!  *  'ipJ  tfjj  *  “i2)lj 

and  as  an  estimate  of  the  variance  in  errors  of  of  measurement  of  instrument  I21  we  compute 

eat.  (a^2  )  “  ®  x+e2  '  ®x+el,x+e2 

and  ‘  °el^ 

2CS,2^)  •  =e2^ 

where  the  estimates  of  the  covariances 


*  ®^®x,e2^  “  ®^®el,e2^  *  ^  under  the  aBsumptlcns. 

It  is  remarked  in  passing  that  a  technique  of  working  with  differences  in  corresponding  measure¬ 
ment  of  the  two  instruments  is  of  some  interest.  That  Is,  if  the  measurements  of  I2  are  subtracted 
from  coriespondlng  measurements  of  the  result  gives 


UNCLASSIFIED 

thui  ellBlnatlng  tb«  trut  value  of  the  charaeterlatlc  neaaured.  Ualng  the  above  differences,  an 
2 

eatlnace  of  la  given  by 

eat.  |  .  (3) 

It  la  easy  to  see  that  eatlmata  (3)  la  hance  precisely  that  given  by  (1). 

^•1  *  ®x,el  *  ^x.e2  ®el,o2 

In  order  to  eatlmate  the  eaeunt  of  variability  in  the  product  being  Baaaured,  we  may  first  add 
corresponding  maasurenencs  of  the  two  Instruments,  obtaining 

Xj  ♦  e^^  ♦  *j  ♦  a^j 

*1  *  *11  *  *1  *  *12 

*n  *  ‘nl  ♦  *n  *  ‘nl 

Tha  variance  of  the  above  aums  of  readinga  la 

*  ®el  *  ®e2  ♦  ‘‘®x,el  *  ^®x.e2  "  ^“el.el 
2 

An  •■tlaatt  ot  th«  vtrt*billty  in  th«  product »  ,  la  than  glvan  by 

Ut.  Co2)  .  1  W 

2 

Tha  ostlouitt  of  0^  is  givsn  by  ths  oovsrisncs  of  ths  rssdlngs  of  and  I2I 

eit.  (a^)  -  (4.) 

(Equation  4  and  4a  are  Identical) . 

Estimate  (4)  or  (4a)  la  unblaaad  and  can  be  shown  to  be  the  maximum  likelihood  eatlmate. 

2  2  2 

The  variance  of  the  estimate,  sat.  (a^^)  ot  ast.  (a  depends  on  (A)  a^,  ths  variance  In  the 

2  2 
characteristic  measured,  (B)o^^,  the  variance  of  tha  errors  of  maaaurement  of  Instrument  I^,  (C) 

the  variance  of  errors  of  meaauramrnt  of  Instrument  Ij  (Q)  iht  number  of  o'uservatlons  or  the 

2 

sample  also.  Therefore,  In  order  to  obtain  a  praclaa  estimate  of  when  ualng  only  two  Instrumanta , 

2 

the  variation  in  the  characteristic  measured,  1  e.,  o^,  should  be  held  to  a  reasonable  minimum  or  the 
sample  site,  n,  should  be  sufficiently  large. 
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Sometimes, the  estlmeted  variance  In  errors  of  meBsureraent  may  turn  out  to  be  negative.  Thlti  may 
he  due  to  small  sample  size,  bad  observations,  errors  In  recording,  outlying  observations,  etc.  Since 
it  is  physically  impossible  for  a  true  variance  In  errors  of  measurement  to  be  negative,  one  suggestion 
la  to  add  the  absolute  value  of  the  negative  variance  to  the  estimated  variance  in  error  lor  the  other 
instrument  for  an  overall  estimate  of  instrument  error.  The  computer  program  prints  negative  aa  well 
ee  positive  variances  and  storaa  these  values  to  compute  pooled  estlmatea  of  variance  In  preclaion 
error  for  each  Instrument  if  multiple  cases  are  Input  back-to-back  using  the  same  instruments.  Howeveu., 
to  avoid  negative  square  roots,  the  program  Hats  d,  ■  0  when  taking  the  square  root  of  a  negative  vart 
anca.  See  keferenoes  2,  3,  and  S  for  further  Information  on  the  treatment  of  negative  estimates  of 
variance.  • 


If  the  variation  In  the  characterlatlc  maasured  la  zero  (or  if  we  maaaura  the  same  item  over  and 
over  again)  t.e.,  If  ■  0,  than  one  could  compute 


1 

n-1 


n 

I 


(e. 


H 


(4b) 


dlreetly,  and  this  would  give  en  eetlmate  of  with  variance  equal  to 


/ 


2  4 

CT'-el 


(4c) 


Apparently,  employing  two  Instruments,  there  are  only  two  computational  procedures  of  Interest 

1 

lor  separating  th^  variability  in  the  product  from  the  variance  in  the  errors  of  mesBurement,  and  both 

1  2 
methods  give  the  a|ame  estimete.  in  using  either  method,  however,  it  Is  noseible  to  estimate 

2  2  I 

o^2>  0^  end  thus  determine  from  the  relative  order  of  magnitude  of  these  quantities  whether  the 

instruments  are  sufficiently  precise  to  be  used  in  taking  the  required  measurements. 


A 

(2)  Three  or  Mote  Instrument  Case  ('J^N^IO).  Since  the  nomenclature  has  been  established  in 
the  two  instruments,  this  description  of  the  case  will  be  limited  to  the  basic  equations  solved 

by  computer  program.  As  was  stated  earlier,  using  three  or  more  Instruments  permits  precision  of 
measurement  estimates  totally  free  of  the  product  variability  Itself. 


^Thomson,  W.  A.,  Jr.,  "The  Problem  of  Negative  Estimates  of  Variance  Components,  "  Annals  of 
Mathematical  Statistics:  Vol,  33,  pp  273-288,  1964, 
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The  following  equation  la  used  to  eatlnate  precision  of  messurenent  of  Instrument  Ij^  (^1.^1. 


50 


data  points) 


L'St.  [a“,)  =  S“  ,  -  T—  f  y  S 
el  x+cl  N-1  \'^2  * 


k=N 


(5) 


*  wnrirn'  ®x*ej.ic»ek 


Estimates  of  all  other  Instruments  can  be  made  by  obvious  rotations  of  the  subscripts.  The  real  pro¬ 
duct  variability  (stripped  of  naaauransnt  error)  Is  estimated 


s«N 


(^5  ■  wumy  Ver,x*es 


(6) 


Sample  problems  and  complete  computer  listing  In  FORTRAN  IV  are  contained  In  Reference  1. 

3.  SUMMARY 

The  methodology  preaentad  Is  effective  provided  chat  the  smoka/obscurant  data  are  collected  In 
such  a  way  that  spatial  (both  tins  and  distance)  errors  are  mlnlmlxed  and  multiple  Instruments  are  used. 
Test  Instrumentation  configurations  should  permit  lines  of  sight  which  are  as  coincidental  as  possible 
to  allow  measurement  of  the  aane  phenomena  simultaneously. 


Cats  collection  using  such  aprocaduce  will  allow  for  the  performance  evaluation  of  various  types 
of  Instrumentation  and  allow  the  smoke /obscurant  modelers  and  developers  to  datsrmlne  the  confidence 
bounds  of  their  observations. 


is  limited  to  10  and  n  to  SO  only  because  of  the  dimensions  of  the  program's  storage.  The  equations, 
of  course,  ate  valid  for  any  N  ^3,  n  >2. 
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ABSTRACT 

Prior  to  analyzing  data  from  field  tests  sudi  as  Smoke  Week  I  and  II  the  information  must  be 
put  into  perspective.  A  technique  has  been  developed  to  assist  in  this  effort.  Due  to  the  spatial 
separation  of  instrument  lines  of  sight  the  relationship  between  variables  such  as  concentration- 
length  and  transmittance  cannot  bo  made  witli  respect  to  the  common  time  base  that  Is  published  in  the 
reports,  A  tociinlque  is  presented  to  determine  which  values  of  transmittance  and  concentration- 
length  should  corro-spond  by  shifting  tl>e  data  in  time.  Two  assumptions  are  made,  frozen  flow  occurs 
between  linos  of  siglit  and  data  scatter  is  minimized  at  the  correct  time  shift.  Coefficients  for  a 
model  relating  tho  logarithm  of  the  transmittance  and  concentration- length  (CL)  is  determined  by  a 
regression  analysis.  An  optimization  program  is  used  to  control  the  regression  program  and  determine 
the  tinve  shift  values  used  to  arrive  at  the  minimum  value  for  the  error  term. 

The  technique  was  tested  using  laboratory  data  which  was  artificially  offset.  The  optimum 
time  shift  for  this  data  would  bo  exiioctcd  to  be  zero.  Program  re.sults  showed  optimum  time  for  two 
white  phosphorus  tests  to  be  .004  seconds  and  .003  for  two  iC  tests.  The  error  terns  for  the  tests 
were  ,042,  .173,  .906,  and  .082  respectively.  These  values  represent  the  siun  of  the  weighted  errors 
for  each  time. 

This  technique  was  used  on  Inventory  Smoko  Munitions  Tests,  Smoko  Week  I  and  Smoke  Week  II 
tests.  Time  shifts  concurred  with  the  relative  .spatial  separations  of  the  various  lines  of  sight. 
Significance  of  those  modifications  to  the  publi.shed  data  are  realized  when  it  is  .seen  that  CL  data 
changes  by  a  factor  of  100,  in  some  cases,  over  tho  span  of  a  designated  time  shift. 


1.  INTRUDUCTION 

n.sscntially  all  siikike  ob.scuratlon  test  data  taken  to  date  follows  tho  general  methodology 
outlined  in  refcrnnce  (1),  flic  In.stmnrntatlon  and  mode  of  reporting  are  similar  in  each  case  too, 
This  paper  Involves  data  from  Inventory  Smoke  Munition  tests,  .Smoke  Week  I  and  Smoke  Week  II  tests 
(2-4).  Data  from  the.se  tests  require  .-uljiistments  to  ticcount  for  dirfercnccr.  In  sample  time  aimiig  the 
vai'ious  instinmeiits.  After  this  Is  taken  into  accoimt  the  data  can  bo  analyzed, 

Instrumentation  interference  requires  a  certain  distance  to  be  maintained  between  adjacent 
iustruaionts  throughout  tho  lines  of  siglit  for  each  measuring  device,  lecause  of  this  physical 
.separation,  the  relationships  between  the  measured  values  from  each  instrument  do  not  correspond  with 
the  same  raa.ss  of  smoki-  for  a  given  time.  Therefore  it  is  not  valid  to  relate,  for  exnaiple,  transmit- 
t;u.cc  at  time  t  with  concentration- path  length  at  tlic  same  time.  If  smoke  is  blowing  across  the  line 
of  sight  for  concentration  meusuromonts  ;md  towards  the  line  of  sight  for  visual  transmittance  moas- 
uroraents,  then  tlie  concentration  jvith  length  af  time  t  would  corrcsiwnd  to  the  trunsnilttanco  at  t ime 
t  +  At.  Iho  value  for  At  is  dependent  on  tiic  rate  of  smoke  propagation  and  the  distance  between 
lines  of  sight,  An  esthiuite  for  At  eiui  be  obtained  by  dividing  the  .iveragc  distance  between 
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the  lines  of  sight  in  question  by  the  average  wind  velocity,  ’llils  is  tantamount  to  assuming  .steady 
laminar  flow  with  smoke  propagation  at  the  .same  speed  us  the  wind  velocity.  .Since  the  flow  is 
unsteady  turbulent,  the  approximation  could  be  improved  upon  by  relying  on  the  behavior  of  the 
data  as  outlined  lii  the  next  section. 

2.  CORREUTIQN  TEONIQIJI! 

The  Beor-Lambort  Law  suggests  that  a  straight  line  relation  should  result  if  -In  T  is 
plotted  against  the  concentration-path  length  (CL).  When  this  occurs  it  is  expected  that  a  good 
correlation  e'xists  for  that  set  of  data.  As  was  noted  previously  (S),  the  data  in  many  cases 
develops  a  loop  rather  than  a  straight  line.  It  was  shown  that  this  loop  was  a  result  of  the  dif¬ 
ferences  in  sampling  time  between  T  and  Cl  data.  Also  shown  was  the  fact  tliat  a  linear  relation  does 
not  exist  between  -In  T  and  Cl  oven  after  a  correction  for  sampling  time  Is  made.  This  imt'iHos  a  non- 
constant  extinction  coefficient  or  a  constant  Influence  on  transmittance  from  some  undo f land  source. 
This  source  could  be  a  function  of  Cl,  relative  humidity,  velocity  or  other  similar  purnnietors. 

Taking  this  information  into  account,  It  was  deteniilnod  that  an  extension  to  the  Boer-Luiiilx'i't  l.uw 
would  be  utilized  for  correlation  purposes. 

The  basic  premise  for  correlation  Is  tliat  a  minimum  amount  of  sciittor  would  exist  for  the 
correlation  model  wlion  the  proper  .shift  in  sampling  time  was  found.  Ihis  shift  In  the  siaiipling  time 
should  bo  relatively  close  to  the  value  obtained  by  dividing  the  ovei'uge  distance  separating  tlw  lines 
of  sight  of  the  Instrunents  by  the  average  wind  velocity  vector  which  is  pertiendlcular  to  the  lines 
of  sight.  A  regre.ssion  ajialysis  Is  used  to  dotemilnc  the  coef Ficlont.s  for  the  mod('l, 

Once  a  model  Is  dctermliioii  the  following  procedure  l.s  used  to  determlia’  tlio  .slilft  in 
sjwipllng  time  find-nbtain  the  final  set  of  coefficients  for  a  given  trial  and  a  given  wavelength. 

I'Lgure  1  shows  the  flow  dlngrosi  whlcli  l.s  followed. 

liach  trial  has  transmittance  data  for  four  different  wavelengths,  visual,  l.Ob  urn,  .1.14  inn 
and  !).7.S  um  versus  time.  Also, Cl  ikita  Is  available  a.s  a  liuictlon  of  the  sajiie  time  Inteivtils.  Iliese 
data  are  inputs  to  the  program.  Aa  optimization  program.  Golden  .Search  (;>},  is  used  to  select  the 
time  shift  applied  to  the  transmittance  d.'ita.  'Ihe  optimization  parann'tor  Is  the  eri'or  valui'  genei-ated 
in  the  NIARQ  program  (7)  which  Is  a  non-linear  least  .squares  solution  technique  for  detenu liiln.g  the 
coefficients  for  the  model,  'ihe  Golden  .Search  program  Is  the  executive  iirogram  which  guides  the 
seloetloii  of  time  shift  values  to  modify  the  correspondence  hetween  traiismi  tt.'inee  and  G1  v.iUies  whleh 
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will  otuiblo  tht'  iiiinimiuii  orror  viiluc  to  ho  I'ouid,  All  interi»JHtion  routine  is  used  to  change  the  time 
huso  lor  triuismittuncu  data  according  to  the  time  shift  selected  by  Colclcn  iiurch.  These  sets  of 
t  I'ansmittance  ami  (il  values  are  input  to  the  MARil  pragrain  and  a  set  of  coefficients  and  an  error  vaiue 
is  found.  Two  other  indications  of  errors  are  al.so  calculated  but  not  used  in  the  optimization 
analysis.  Wlien  the  search  "time  envelope"  gets  sufficiently  small,  then  the  last  value  calculated  is 
defined  as  the  minimum  error  value. 
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3.  MA31IB1AT1CA1,  mimUS 


Several  models  were  attempted  to  relate  transmittance  to  Cl.  Some  were  chosen  because  of 
their  simtillclty  and  others  were  based  on  models  that  would  satisfy  'Certain  characteristics  that  were 
observed  In  the  data.  The  initial  model  that  was  used  was  a  simple  third  order  polynomial. 

-In  (T)  -  X(li  4.  XC2)  Cl  +  XC3)  Cl^  +  XC4)  Cl^ 

This  model  would  reduce  to  tho  Boer-Lambert  Law  if  the  values  for  Xfl),  XC3)  and  XCA)  ^ere  to  go  to  zero. 
Characteristics  of  the  model  wore  that  it  was  underdanped  and  it  tended  to  overshoot  the  data.  This 
nodel  was  abandoned. 

A  second  model  was  a  power  model  of  the  form 
-In  (T)  ■  X(l)  +  X(2)  (Cl  - 

which  was  chosen  to  allow  tho  log  of  transmittance  to  approach  an  asymptotic  value.  Results  of  this 
model  wore  not  good  because  of  the  pole  that  developed. 

Another  model  which  is  an  extension  of  the  Beer-Lambert  Law  was  of  the  form 
T  •  XC3)  +  XC2)  e 

'Hiis  showed  promise  for  the  data  which  had  a  low  asymptotic  value  for  transmittance  and  significant 
data  points  near  Cl  equal  to  zero.  Otherwise  tho  curve  would  not  approach  T  equal  to  one  and  there¬ 
fore  would  not  represent  the  data  well.  Tho  X  p)  term  would  allow  the  curvature  on  a  semilog  plot  to 
be  fit.  A  modification  to  this  model  was  made  to  ti7  to  circumvent  this  problem.  The  new  fotm 
was  to  take  into  account  the  two  limits:  at  Cl  equal  to  zero  the  transmittance  would  be  one  and 
at  large  values  of  Cl  tlic  transmittance  would  approach  an  asymptotic  value.  Ihls  form  is 


and  it  vcsulteU  in  the  best  fit  of  all  tlio  inodel^.  Ihe  problem  with  some  data  was  that  the  term  X  P) 
would  go  negative.  This  would  cause  a  discontinuity  In  tho  middle  of  the  data,  hven  for  the  data  whore 
tho  diseontiimity  occurred,  the  model  In  general  fit  well.  Since  the  discontinuity  is  unacceptable, 
unotlier  iixidel  was  fonnulutcd. 

’Ihe  model  Used  In  this  report  Is  .1  iindl  flcat Ion  to  the  previous  two  models  and  satisfies 
the  two  end  points.  It  is 

1'  »  Xf’l  4.  fl-XfJl)  e  '■' 


100 


UNCLASSIFIED 


UNCLASSIFIED 


A-13 


where  the  X  p)  values  cancel  when  Cl  is  zero  and  the  second  term  goes  to  zero  for  large  values  of  Cl. 
Also,  the  extinction  coefficient  remains  constant  as  in  the  leer-l^mbert  I.aw,  Quite  rc'ently  W.  Michael 
Farmer  of  the  University  of  Tennessee  ^ace  I  nstitute  did  work  Which  Indicates  that  the  extinction 
coefficient  Is  not  constant  but  a  function  of  time.  At  this  time,  It  is  difficult  to  determine  whether 
the  extinction  coefficient  is  time  dependent,  or  vdwther  transmission  varies  with  respect  to  Influences 
other  than  a  changing  extinction  coefficient. 

The  error  value  that  is  used  to  optimize  the  regression  analysis  is  defined  as 

♦  (Tml  -  Tpi)2 
®i 


where 

■  measured  transmittance  data 
Tp  “  predicted  transmittance  values 
0  •  error  weiitfiting  factor. 

The  term  o  can  bo  chosen  as  a  constant  or  a  function.  For  this  work  a  was  defined  as 

01  •  Tmi 

which  allows  a  larger  error  for  the  larger  values  of  Cl. 

Another  guide  to  determining  the  degree  of  correlation  in  this  model  is  the  correlation 
coefficient  defined  as  $) : 


r  ■  N  r  XY  -  rX  tY _ _ 

(N  s  x^  -  (rx)-!  )>1  (N  I  y2  -  (IY)2)S 


where 

X  ■  Tm 
Y  -  Tp 

N  ■  Number  of  data  points 

When  r  equals  one  the  correlation  is  perfect  and  when  r  equals  zero  no  correlation  exists.  It  should 
bo  pointed  out  that  the  correlation  coefficient  dues  not  relate  to  the  amount  of  scatter  In  the  data  as 
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tloc’S  tlio  I'l  roi'  viiluc,  but  it  ;-‘hQws  wliethcr  tbi'  uonvc.t  iiuxlrl  w;is  t'liusc’ii. 

A  tcnn  di.  Cirn'd  ns  tlu'  fit  r.-u-tor  w;is  iisinl  to  soo  !hiw  wol  I  tlio  iiioilol  followisl  .'i  i|U,'is  i  •  i.-ont  ro  i  d 
of  the  dnta.  This  is  expressed  us 


N 

T  "  1 

fT-T  i-2  i 


wliere  ^ 

[l.  S 

“i 

[o,  s 

< 


Sgn  CError^_^)  gt  Sgn  (Errorj) 
Sgti  (Error •  Sgn  (Error^) 


-  Expectation  Value. 

for  thus  case  the  expectation  value  was  usslKaed  a  value  of  which  iiKams  that  It  is  expected  that 
there  are  us  iiuiny  points  above  the  curve  ns  below  It.  If  1'  is  one,  then  the  expectation  was  I'uV- 
fllled. 


4.  RHOlESSiaj  ANM.YSIS  RESULTS 

Several  runs  were  made  on  the  cominitcr  to  chock  the  iiBdols  and  the  analysis  technUiue. 

Elgure  2  shows  the  result:;  of  the  curve  fit  for  ikita  obtained  l)y  Stuehlng  (91  In  a  smoke  chamlier.  ilie 
transmittance  was  artificially  shifted  2  seconds  and  nuxk'l  nunbei'  .1  was  used  (in  conjunction  with 
the  regression  analysis  and  the  golden  scarclO  to  select  the  flnul  time  shift.  In  this  nuu  the  data 
was  shifted  buck  to  time  ecjutil  to  zero,  as  it  should  bo, and  the  model  correlation  was  excellent.  The 
error  value  was  0.04.3,  'Hie  operational  aspects  of  the  program  being  accepted  us  valid,  other 
trials  of  interest  \  re  run. 

Table  I  lists  the  runs  that  wore  made  using  model  5  and  results  of  the  progrtun  such  as  the  thne 
shift,  the  error  terms  and  the  values  for  the  cocff Iclont.s.  ’Ihesc  data  wore  separated  In  groups 
of  uiijmmltlon  tyiJos  including  W’,  HC  and  Wicks  and  Wbdgos  of  both  Rl’  tu>d  W. 

It  is  well  established  that  the  extlnelion  coefficient  (9)  is  a  function  of  wavi'leiigth  and 
relative  humidity,  'llie  coefficient  X(l)  is  the  extinction  coeiflcleMt  for  tlu'  model  used  in  this 
analysis.  It  has  the  ^liiixaisluns  of  nr/mg.  Aecordli-.i;  to  the  model  used,  Xl.l)  iiinst  bi-  dli'k-iislonless. 
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l-.rti.-ctivi.’ly,  tills  vuol'ric lent  n-proscnts  tlio  rainimtuii  triuisnittiuict.'  attiiincil  for  a  given  iiin. 

I  .'.iuiijili.'.s  nf  nui  results  are  .seen  in  l-Lgiires  3  ami  '1.  l-'gui-e  :<  is  rei)i'csc'iitativc  of  W  trials 
and  the  variatioi.  in  the  cluiracteristics  of  the  curves  for  wavelengths  in  the  visual,  l.Ofi  ym,  3,44  ym 
and  9.75  ym  ranges.  As  seen  in  the  figure, a  considerable  amount  of  scatter  exists.  Even  so,  the  cor¬ 
relation  of  tills  data  was  relatively  orderly.  In  Figure  4,  the  data  for  HC  is  more  orderly  but, 

ironically,  the  correlation  with  velocity  and  relative  humidity  data  was  .not  as  good  a.s  for  the  HP  data.  * 
A  plot  cf  the  coefficients  versus  wavelength  for  W’  smoke  is  shown  in  Figure  E,  Presentation 
of  the  data  was  iinjiroved  by  plotting  the  logarithms  of  the  coefficients.  As  seen  in  the  figu.e,a  trend, 
varying  in  magnitude,  is  followed  by  each  set  of  data.  SVdI-T-ls  datahave  an  anomaly  in  the  X  (J)  * 

data  at  the  1,06  ym  wavolenght.  By  reviewing  the  curve  fit  for  thit  run,  it  is  easy  to  justify 
changing  the  cocflicicnt  to  fit  the  trend.  Also,  a  plot  of  th''  coefficients  versus  wind  speed  with, 
wavelength  hold  constant,  I'igures  n  through  9,  shows  additional  justification  for  changing  it.  Each 
of  the  X(i)  plots  conx'latiswcli  with  a  straight  line  e.NCtpt  for  the  .SWII-T-IS  1.06  ym  point. 

II  It  were  .shifted  up  to  a  value  of  .5.5  to  correspond  to  a  point  on  the  line  which  correlates  X(lj  and 

velocity  then  it  would  also  fit  the  trend  in  Idguiv  5.  llio  coefficients  as  rfunctiona  of  wave- 
length  do  not  repre.sont  such  a  consistent  trend  a.s  tlie  X(l)  cocfrictonts  as  .seen  in  Figure  S.  if  the 
curves  were  draim  tlu'ougli  tlie  Xf2)  points  In  I'lgures  (i  tlu'ougli  9  hy  Ignoring  tlic  points  which  do  not 
lollow  till’  trend  in  figure  5  tlien  a  line.'ir  relationsli  ip  would  also  exist  hetween  -IjnCXiZ]]  and  wind 
velocity.  Ilu'se  icsults  are  encouraging  in  tlint  cocfl'icients  can  lie  detetinined  as  a  fanilv  of  curves 
wliich  me  finictiuiis  of  velocity  .’ind  w.-ivelcntli. 

In  figuie.'  in  tlir'iogli  1,1  the  coerficient.^  wei'c  plotted  versus  relative  humidit'.’  for  con¬ 
stant  rallies  of  wavelengtii.  'Iliese  correlations  arc  not  as  jpoii  as  tiiose  for  the  vclociti’  da'.,i  but 

< 

an  apparent  trend  exists.  The  XM)  data  sluiu"i  in  l'i.gure  II  diow  n  good  lineal  I'elat innsli ip  with 
respect  to  liuiikl id i t>’  without  mod i  fy i up,  tlie  point  for  .Slvll-T-15  wliiili  iiuikes  dat.i  inteniretation  more 
dil'I'iciilt.  Veloralv  is  iiule|iendent  of  lyimiditv  Init  the  el'fective  liiimidity  ol'  tlie  si'mfe  cloud  could 
depend  on  *-he  transport  of  the  cloud  through  the  atmospheii:  lliis  would  help  c.xi'lain  how  average  wiiil 
velneim'  ca.i  alT'ect  t  ran  .iid  1 1  .■inei-  other  than  through  tlie  distribution  of  the  cloud  concent  r.it  ion, 

I'igure  M  IS  a  plot  of  the  correlation  coeff ic ient.s  as  fiuietioiis  of  wavelength  for  Hi  smoke. 

I'lis  faiiiil)  of  curves  is  not  ns  well  behaved  as  the  corresiionding  fiuiiily  for  UP  .smoke.  A  general 
trend  still  e.xists,  hut  the  spreail  is  greated  and  more  cross  over  is  seen.  in  the  plots  of 

the  coeff  ic  ieiits  versus  velocity  aiul  rel.ative  luimiditi'  were  too  large  to  a  1  low  cone  Uisivc  result.s.  As 
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roi'tho  WP  siitiko  ciii'VL'S,  if  tho  points  in  r'ii>ure  .14  went'  ndjustiil  to  show  a  consistent  trend,  then  the 
veli.cit}'  woiiKl  he  linear  with  respect  to  the  cnofricients.  A  I'nirly  elose  nppi'i'x iiiin I  ion  te.  a 
straij'jii'  line  representation  e.'ists  Tor  both  velocity  mul  liimiiility  in  the  iiiii  ease,  'Ihese  me 

shown  in  I'iiiures  Ifi  and  l(i  rosiioct ively,  Tho  best  ro.solution  of  cloud  characteristics  occur  at  the 
lonaor  wavolonptlis, since  the  instrumonts  are  not  defentod.  As  soon  in  tliese  figures. the  SWII-T-l  tost 
point  Is  considerably  below  the  others.  It  is  postulatcil  that  the  Idvol  of  concentration  would 
inl'luence  the  values  of  tho  coel’flclonts.too.  The  iiinxliiiiuii  Cl  values  for  each  ruji  wore  recorded.  In 
this  case  tho  Cl  vuliass  wore  1172  for  SWII-T-l,  522A  for  SWI-T-33,  R498  for  .SPIIA-T-3,  :137.R  for  SWI-T-4 
mul  14,139  for  SWJI-T-17.  Iho  unit!-:  on  Cl  are  mg/M^.  The  imignltudes  of  the  -Ln  C"X(1)J  I'oefflcient.s 
coi'uspond  to  iiiagnl tudesaf  the  Cl  values.  Thoroforo  It  Is  concluded  that  the  magnitude  of  Cl  should  bo 
considered  us  one  of  the  correlating  pariuictors. 

To.sts  ttui  at  Smoke  Week  11  using  171’  Wicks  and  Wedges  of  WP  and  RP  were  include.!  in  the 
mialysls,  Pigure  17  shows  the  relationship  .nraong  tho  coefficionts  and  wavelengths.  These  data  are 
more  orderly  than  tho  IIC  smoko  data.  The  two  lower  wavelengths  are  not  ordered  but  the  two  upper 
wavelengths  are, and  plots  of  the  correlation  coefficients  versus  velocity  for  tholongiji'  'wivelength 
values  tend  to  he  linear  reliuTons  us  shown  in  Figure  18.  This  Is  not  true  for  the  coefficients 

voi'sus  relative  humidity  plots  ns  seen  in  Plguro  19.  Throe  of  tho  points  follow  a  linear  relation 

hut  the  fnurtli  point  is  far  from  the  curve.  Iho  throe  |x)lnts  In  line  are  from  tests  having  smaller 
iiuixlmum  Cl  values  than  tho  point  off  the  curve.  Maximum  Cl  vaJuos  for  ,Slvn-T-18,  8U  and  3  are  4398, 
51(11)  and  5811  respectively  (<'heroas  ,SWn-T-24  lias  u  iiia.x ilium  Cl  of  24,127  ing/iii'^.  Again.it  Is  evident 
that  th(’  level  of  Cl  must  he  taken  Into  account  when  iikkIcIs  aiv  developed  Vo  describe  the  data. 

5.  CONChlkSinNS 

The  ilata  reduction  techniiiue  developed  in  this  pnper  Is  general  enough  to  apply  to  othei’  tiiiii 

varying  .s  1 1  uat  Ions.  In  muilytlng  the  results  of  the  teehnli|iie,  i  t  is  seen  thnt  a  ilel'lniti’  set  of 

tivnd.s  is  present  In  the  data  .iiid.e.xcept  for  soiiX’  case.s  ihe  coidTlcleiits  nro  prediet.’ihle,  Impi'ove- 
iiientM  in  tlie  iiiiidel  eaii  lie  made  wliicli  sliould  reduce  the  scatter  In  the  data. 

Ke.sults  of  the  data  ri’diiction  tend  to  show  that  the  coefficients  are  l‘UMctlons  of  (nt  least) 
velocity,  relativi'  Inuiild 1 1\'  and  the  iiiiwimiim  level  of  Cl.  liecaiise  of  the  relations  aiiKing  the  varlnhle.s, 
it  is  e,x|iecleil  tli.’it  an  eiipi  idea  1  relation  for  predicting  tlic-  eoefficients  using  these  paranietei's  is 
at  t.ainahle. 
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THE  INSTRUMENTATION  CLUSTER  CONCEPT  IN  ft. 14 

OBSCURAril*  FIELD  TESTING 


Wi  M.  Farmer 

Tlie  UnlvurHlty  of  Tennuaaee  Space  Inatltiite 
Tullahoma^  Tutmuaaue 

ABSTRACT 

Recent  research  has  Indicated  thr<n,for  hygroscopic  imokasi significant  variances  exist  betivaan 
extinction  coefficient  meaaurements  obtained  with  long  transmission  paths  and  those  localised  measurements 
obtained  from  particle  site  distribution  data.  Furtharmorst  unoertalntlaa  in  the  long  path  meaaura- 
ments  due  to  such  factors  as  atmospheric  scintillation  and  the  lack  of  correlation  with  other  kinds  of 
measurements  make  error  estimates  In  the  determined  optical  properties  difficult.  If  not  impossible, 
to  compute.  During  Smoke  Week  HI.  In  addition  to  long  path  measuramanta  of  concentration  and  transmit'* 
tancci  data  on  the  physical  propertlsa  of  the  tasted  obscurants  are  obtained  In  a  localised  area  with  a 
cluster  of  Instruments.  .Sufficient  redundancy  existed  In  the  Instrumentation  to  detsrmlna  data  con¬ 
sistency  and  Instrument  stability.  In  many  trials,  sufficient  data  existed  to  astlmatetha  uncertainty 
In  the  determined  optical  properties.  This  paper  will  discuss  the  instrumentation  cluster  concept  and 
Ita  ulgnlflcanca  in  field  tasting.  Instrumentation  used  In  the  Smoke  Week  III  cluster  will  be  described. 
Examples  of  data  oonsistanoy  tests  will  be  given.  Examples  of  data  from  the  Instrumantatlcn  will  be 
presented  and  limitations  and  improvements  in  the  instrumentation  cluster  concept  dlseuosad. 

1.0  INTRODUCTION 

t’rlor  to  Smoke  Week  III,  a  reasonably  large  body  of  data  had  been  obtained  which  was  used  to 
describe  the  optical  characteristics  of  a  variety  of  materials  usud  to  prodtice  obacurant  clouds.  These 
muter tulH  included  phosphorus,  hoxachloroethane,  fog  oils,  and  a  variety  of  experimental  powders  and 
liquids,  ilowuvur,  close  examlnutlon  of  these  data  for  hygroscopic  amokes  such  as  phosphorua  revealed  a 
serious  discrepancy  In  values  for  such  fundamental  parametera  as  the  mass  extinction  coefficient  gnd  the 
particle  slitu  distribution.^  It  was  found,  for  example,  that  the  mass  extinction  coefficient. When 
computed  using  particle  sire  dletribution  data. differed  markedly  from  that  obtained  using  field 
iticUliodology  which  had  been  in  use  for  several  years.  Furthermore,  even  when  coraparlaons  were  made 
butwuun  dots  obtalnud  by  different  instruments  for  such  fundamental  parameters  as  particle  alee  distri- 
butliins,  pour  agreomunt  was  found.  The  degree  t"  which  such  disagreement  existed  is  aptly  lllustruted 
by  Figure  1  whlcti  plots  the  mass  extinction  •  efficient  for  a  wavelength  of  3.4  micromugsrs  ss  obtained 
from  11  variety  of  tests  and  measuring  Instruraents,  As  the  figure  shows,  the  mass  extinction  coefficient 
calculated  from  particle  Hiss  distribution  data  Is  significantly  different  from  tliat  obtained 
througli  computations  using  dosage  and  transmittance  data  as  was  typically  done  In  large  field  tests  such 
aH  Smoke  Weeks  I  and  1 1 . 
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Flguru  1.  Extinction  coafflclunti  muaiurad  by  dillurant  agancla* 

and  by  diffurunt  tuchnlquua  for  auvural  fluid  and  laboratory  trlali< 


Thu  dlacomflture  of  such  dlacrupanclus  la  further  compoundud  whwn  thu  ruaulta  from  thaaa  tunta 
are  uvaluatad  In  turmi  of  muaaurananta  uncertainty.  There  are.  In  fact,  very  few  uncertalntlea  quoted 
for  any  meaBurement  euch  aa  particle  alae  dlatrlbutlon,  maau  concentration!  or  tranamlaalon  when 
meaaured  In  thu  fluid.  Very  often  It  la  not  quoted  or  known  for  comparative  laboratory  data,  Thua 
whllU)  ea  flKUre  1  ahown,  there  la  a  broad  dlacrepancy  between  thu  two  auta  of  rouaauremunta ,  neither  aut 
can  bu  called  correct  hucauau  It  la  not  known  to  what  degree  of  accuracy)  preclaloni  or  conalatency  any 
one  aut  of  muiiaurumenta  haa  been  made  either  In  the  laboratory  or  the  fluid.  A  method  propoaed  auu 
adopted  for  thu  ullmlnatlon  of  many  of  thu  imcertolntluB  which  have  arlaun  In  paat  meaauremunta  waa 
Implufflunted  during  Smoke  Week  ITU  Thu  approach  during  BWlll  waa  to  cluutur  a  number  of  different  klnda 
of  Instruinunta  which  could  bu  uaud  to  computu  Identical  obacurant  paramutera  In  a  lociiliaud  poultlon 
uxpoBud  to  ttiu  obacuruntB  tuated  during  the  field  tvlala,  Thu  objectlvus  of  thla  cluster  of  Inatrumenta 
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1.  to  obtnlii  reitundant  muaHuremunts  of  tliu  s.imu  pararnttur  In  ocdur  to  detunnfnti  ttiu  potuntlal 
uprond  of  data  valuaa  and  to  dututiittnu  thu  data  coiiHlatunoy  amimn  thu  vnrloim  tiichniquuH 

2.  to  develop  indupundant  moanB  of  eatlmatlng  paramotetB  from  aevaral  dlffaront  Inatrumenta 
which  hod  not  boon  uaad  in  paat  field  tuata 

3.  to  increaau  preaant  instrumentation  capabllitiea  by  developing  a  data  base  against  which 
new  Inatrument  results  could  be  comparud4 

i\'i  a  by-product  of  this  approachi  it  was  hoped  that  aufficlent  instrumentation  could  be  used  to  identify 
sources  of  diaurupaucLus  in  pnat  muasuremunta  and  poiaibly  identify  sourcaa  of  erroneous  data  in  past 
teats.  In  this  paper,  thu  cluatuc  of  instruments  used  In  SmoUe  Week  111  will  be  called,  simply,  the 
instrumuntution  clustur,  It  was  located  very  nuar  the  center  of  the  sampling  grid  and  contained 
inatrumuntotion  which  was  capable  of  1)  cUiturmining  spectral  tranamiaaion,  2)  measiirlng  particle  size 
distribution,  3)  determining  auroaol  cancentratlon,  and  k)  determining  the  turbidity  absorption  charac- 
teriutius  of  variouu  obacurants  at  n  wuvulength  nf  10,6  mlcrometena.  Only  thu  hardware  and  meoaurentunt 
upproachea  will  bu  diacuaaed  Ln  the  present  work.  A  detailed  diac.usaioii  of  ruaulta  obtained  with  thu 
cluster  data  is  presented  olsuwhuro.^ 

2.0  DESCIUl’TlON  OE  INSTRUMENTATION  OtUSTER  USED  DUItlNU  SMOKE  WEEK  Ill 

Table  1  is  used  to  Identify  and  summarize  thu  basic  characteristics  of  thu  instrutnenta  which 
were  in  thu  Instrumontutlon  cluatur  during  Smoko  Weuk  III.  Tnhlu  1  providua  an  acronym  or  three-iuttur 
identification  for  each  instruraont,  thu  agency  which  opurutud  the  Inatrument,  thu  measured  variable, 
and  thu  vurlahlu  range  over  which  tlm  inr.l  tument  can  fiuictlon.  Thu  folLowing  discussion  lirtefly 
duHcrlbuH  uai.'.h  instrument  and  why  It  was  lni.'.iuded  In  thu  Instrumentation  cluster, 

2.1  INHTIUIMKNTI-;  IISHU  IN  Till':  LNSTTniMKNTAT ION  CI.USTER 


2, 1.1  Short  Path  ’I'tauBiiiiaHometui: 


The  shvjrt  path  transml ssomutur  (Sl’T)  was  operated  by  the  University  of  Tunnussee  Space  institute 
Lti  eonjunctiou  with  thu  Hiirnes  Engineering  Company,  which  provided  thu  instrument  for  the  test.  The 
optical  path  length  for  this  t  nmsmlsaometer  was  hm.  The  transralssomuter  pcovldod  liy  Liarnes  was  capable 
of  obtuluiiig  over  ’.lOU  traiisiiiltLance  vaiuua  pur  second  for  a  range  of  wavelungtha  between  2.5  and  Wi  lUn, 
UTSI  ijrnvli'ed  ii  mU'rnprocuHsnr  dnta  ac[|ulsltlon  system  which  was  used  to  acquire  dut.n  from  the 
traiiMmlHS'iiiieter  receiver,  lieeause  of  limited  memory  capacity,  only  thirty  seconds  of  data  could  he 


obtained  hel'ore  the  data  was  transferred  to  magiiutle  disks, after  which  uhe  tr.aismlsHometei  was  retu’aied 
to  a  data  ac.qu  Isit  hai  mode.  Nonnaily,  In  many  of  thu  trials,  sulflelent  time  uxlsied  to  allow  th.e 
ac(|ulHltloM  of  four  lU-second  Haiiqiles,  Prior  to  uaeli  trial,  id  seconds  nf  clear  iiLr  mi'aMuri'iiieatti 
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wuru  obtained  in  order  to  determine  the  etatietlcal  variation  oT  tranemlttanoe  with  waveleni'th.  Theaa 
data  vure  used  to  estimate  the  uncertainty  in  tranamlasion  for  a  particular  wavelunKth,  The  Eource  for 
the  transmissometar  was  a  lOOO'^K  blackbody  chopped  at  1  KHz  rate.  The  SHT  control  system  and  computer 
memory  were  housed  In  a  data  acquialtion  system  (DAS)  box  placed  in  the  Instrumentation  cluster.  In 
order  to  maintain  proper  operating  temparaturest the  DAS  box  waa  air-conditioned  and  aealed  during  each 
trial.  Inatruments  operating  on  the  cluster  and  connected  to  computers  in  the  DAS  box  were  operated 
remotely  through  the  computers  by  terminals  located  in  the  Univeralty  of  Tennesaee  Space  Inatltute 
(UTSl)  instrumentation  van.  This  approach  minimized  lung  cabling  necessary  tn  operate  the  cluster 
instruments. 
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2  A  *2  t^unrt/.  Orysti-il  M(j«k  Moiiltur 

Tho  quarts  crystal  maas  monitor  (tJCM)  ia  a  oommorcially  avullablo  dovlcu  (model  3203)  fconi 

3 

Thermo  Systems  Xnct  tt  opurateu  or  the  principle  that  inaBS  coucontratlona  samplud  at  a  fixed  flow 
rate  can  be  detected  by  mMaaurlng  frequency  eltifta  caused  by  maas  accumulations  on  a  quarts  crystal 
which  is  vibrated  at  a  fixed  frequency*  The  QCM  as  used  on  the  instrumentation  cluster  was  used  with  a 

V 

lOOil  diluter  bullc  by  bhti  Koyco  Compuny  and  loanud  to  UTSl  by  tho  Autosol  Kuauaroh  Ulvleilon  of  CSL. 

Tlia  QCM  with  tho  dilutur  waa  cupublu  of  tnuaHurinu  concuntL-otiona  up  to  1000  mti/m  with  a  reaolution  of 
,  0.1  mij  und  It  rucardud  thu  concuntration  onou  put  aucond  dutiriK  thu  trial.  Tim  QCM  waa  houaud  in  thu 
DAS  box  in  otdur  to  maintain  timrniul  control  of  thu  maaa  dutuction  cryatula  thua  pruvuntlny,  uvapotation 
of  hygroHoopic  auroaola  accumulutud  on  tlm  cryatal.  Thu  QCM  and  thu  uluctric  auroaol  analyasur  (nuu 
Nuotion  2.1.. 'll  Hhutud  a  ciomiiion  data  iictiLi,lHitlon  ayHtem  which  wuh  iiIho  loinitud  in  the  DAS  hax,.«nd  both 
inatrumunta  wuru  controllud  by  rumotu  turminula  located  in  thu  lITSt  van. 

2.1.3  Hluctric  Autoaol  Analyaur 

Thu  uluctric  uutaaul  unaiyaur  (KAA.)  la  u  ooimnurcially  uvnilablu  duvicu  (model  3030) 
couatvuctud  by  Thurmu  Syatuiiia  Inc.,  uwnud  by  thu  Chuinicul  Syatuma  Luborutory.  and  wnn  operated  by  UTSl. 

Thu  CAA  i«  capabiu  of  meaMurlng  thu  uluctrical  mobility  of  pnrtlclUH  ranging  in  hIjsu  from  0,005  Mm  to 
1.0  pm  in  diumutur.  Muasurumunt  of  thu  uluctrical  mobility  alloWH  duturminction  of  thu  partltlu  diamutur/ 
Thu  liAA  Khurud  thu  aumu  Hiimpllng  Hnu  ua  tlm  QCM  and  waa  alao  iocutud  inaide  thu  DAS  box,  Thu  EAA 
tuquirua  a  two-minutu  cyclu  tl.mu  Ln  urdur  to  obtain  n  nligu  dlatrllnition  from  0,005  Ihi  lo  1,0  im  and  la 
normally  too  alow  to  unu  rull.ihLy  witlunu,  n  "bag"  nyMti’m  In  order  to  tr.ap  nn  auroaol  Bumplu  from  an 
InhomogenoouH  cloud.  Ilowuviu  ,  Iku'uunu  many  of  I  liu.  nuroBola  whlcdi  wuvu  iminsurud  during  Sraoku  Wuuk  lit 
wore  hygroHcoplc,  It  wnH  fult  that  a  bug  nystura  would  diHtort  any  meuaiirud  Blau  diMtrlliutlon.  Tt  wuh 
ducidud,  thurufuru,  to  allow  thu  Instrumunt  to  r.yclu  ub  necusnury  through  thu  very  dunau  cloudH  and 
rautuly  UHU  thu  duvicu  au  an  Indicator  of  Lliu  rungu  uvur  which  small  p.irtii-lus  might  uxlat  in  imcli  clouds, 
I’ortunatuly,  during  onu  trial  thu  smoko  was  sufflciuntly  honogunoous  during  tho  aamplu  timu  that  s  Blru 
histogram  was  obtained  which  Is  liultuvcil  to  he  a  ruasonablu  rupn suntat Ion  of  the  small  particles  prusunt 
in  the  cloud. 


2,l.k  electric  Cmicudu  Impai.tur 

The  electric  cascade  Impactor  (HCl)  was  consLinicted  and  operated  hy  the  llniveralty  of  Texas, 

The  cuMcadu  Impaciiir  Is  a  device  which  Is  commonly  used  to  detonnlne  i  he  nurodynnraU  dlnmutur  of  nurnsolH 
through  luertlal  hiipactlon  hi  well  deritied  aerodynainie  flowt.  The  Uiilvei-Hlty  of  Te,.(is  has  modified  this 
luuilc  approach  hy  rophic.lng  thi'  mcchntileal  collcct.ir  iiorranllv  used  l  o  collect  thu  autosol  with  nn 
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i' 1  iH' L r  I  r;i  1  i'Iki /'ll  1 11);  HyHUt'iii  l  luiL  ciin  i;liar)'.i'  tlu'  uuruHi'l  with  rL'iimiiiahl  l'  ri.' I  1  ah  1 1 1  ty  ■  TIil'  ammait  of 
atirusol  on  a  pnrticular  Impactlnn  Htaiju  la  thus  iluttirininud  ChrouRli  direct  tteaNurument  al  the  current 
Itiunirtud  tn  tliat  HtUKU.  Thu  tSCI  waa  located  near  the  center  a(  the  SPT  transmlaalon  path  and  used  a 
nominiilly  iaoklnutic  aamplini;',  ayMtein,  It  measured  a  slae  range  wherein  the  last  impaction  stage  used  a 
t'iitur  tn  cover  particle  siaes  irom  approximately  0  to  0.25  pm,  Additionally)  six  stages  sampled  up  to 
a  maximum  sieu  of  approximately  20  pm, 

2.1.5  Climet  Purticlu  Size  Analyzer 

This  particle  size  analyzer  system  was  operated  by  Diigway  Proving  Grounds  and  was  constructed 
by  thu  tllimet  Corporation  (modul  208),®  This  PSA  covers  a  size  range  of  0.3  pm  to  10  Pm  in  16  size 
increments  and  is  capable  of  producing  a  size  distribution  once  pur  second.  This  device  measures 
sampled  and  diluted  aerosols.  It  determinus  particle  size  through  pulse  height  analysis.  Ths  measured 
size  distribution  is  an  uqulvaiunt  latex  aphuru  distribution,  Previous  studies  have  indicatsd  that 
when  thu  aerosols  have  only  real  Indices  of  rufraction,  the  particle  size  range  is  essentially 
independent  of  the  index  of  ref  ruction  and  the  rauosured  sizes  should  correspond  to  trus  sizes, ^ 

2.1.6  Particle  Sizini;  interf erumutur 

Thu  purticle  sizing  iuturfuromutur  (PSI)  wns  constructed  and  operated  by  the  University  of 
Tunnesaeu  dpacu  Institute,  Two  PHI  systums  wore  used  during  Smoke  Week  ill.  One  PHI  system  was  located 
near  tlie  center  of  thu  liistruineutution  cluster, while  a  second  PHI  covering  the  same  size  range  was 
locuLud  uppriixlmutely  '30m  off  the  main  grid  line  (near  the  secondary  sampling  line)  ond  wus  used  to 
stuily  the  spatlui  varliitlimH,  size  dlntrlbution,  and  concentration  which  might  exist  in  an  obscurant 
cloud,  Thu  PSIi'  Were  udjustud  for  two  different  size  ranges  during  Smoke  Week  111,  Normally,  they  wore 
operated  In  a  mode  .nich  that  the  size  range  was  approximately  0,2  -  C  pm  with  size  resolution  ranging 
from  approximately  0,3-6  pm  in  21  size  tneroments.  The  PSI  does  not  require  aerodynamic  Hampllng  from 
the  cloud  and  has  been  shown  to  be  relatively  insensitive  to  particle  index  of  refraction,  tt  is 
capuble  of  measuring  number  densities  as  lilgh  as  10®/cc  without  dilution, 

2.1,'/  hasur  Spectrophone 

The  laser  spectrophone  wan  constructed  and  operated  by  the  Atmospheric  Hcluncus  Laboratory  uiul 

U 

utilized  a  wavoiengtli  of  lU  6  pm.  This  device  was  used  to  determine  the  absorption  component  of  the 
cloud  turblillLy  (l.e,  the  product  of  mass  extinction  coefficient  and  concentration).  It  can  also  be  iisi'd 
ns  a  short  path  transmlssometer  to  determine  the  mass  extinction-concentration  product  (turbidity). 
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^,1,8  I’iircLclu  ML'iiaiiriimunt:  Syticumn  SJzf  Annlyzcr 

A  Parcicltj  MuiiBurumunt  Syscuma  (PMS)  partlclu  alzti  analyzur  was  operated  by  the  Atmospheric 

Q 

Sciences  Laboratory!  This  device  covers  a  range  of  particle  sizes  between  approximately  0.1  and  10  pm 
atid  normally  usee  Illumination  from  a  laser  system.  It  does  not  sample  an  aerosol  with  dilution  and 

can  determine  number  densities  to  the  order  of  lO^cc”^,  The  PHS  systems  were  located  very  near  the 

laser  spectrophones  on  a  3m  elevated  position  in  the  instrumentation  cluster. 

2.1.9  Backscatter  Nephelometer 

A  backscatter  nephelometer  was  constructed  and  operated  by  Harry  Diamond  Laboratories.^^  It  is 
deaigned  to  determine  the  backscatter  extinction  coefficient,  turbidity,  and  depolarization  ratio  for 
two  different  wavelengths  by  ratlolng  the  backscatter  signal  for  two  different  solid  collection  angles. 

It  has  been  used  in  several  different  teats  including  Smoke  Week  III, 

2.1.10  Integrating  Nupliulometer 

Two  Integrating  nephelcmuters  were  operated  by  the  Atmospheric  Sciences  Laboratory.  These 
devices  are  commercially  available  from  Meteorclagy  Heseurch  Inc.  (model  1550).  These  devices  meaiurs 
the  scattered  Irradlance  in  the  visible  over  scattering  angles  ranging  between  approximately  B  -  170°. 
These  devices  produce  messures  of  turbidity  and  are  normally  rallbrated  to  read  mass  coneentrstion.^ ^ 

2.1.11  Aerosol  Photometer 

12 

The  aerosol  photumutur  (AP)  was  operated  by  Dugway  Proving  ('.rounds.  It  is  available 
commercially  from  the  Climet  Curimratlon  (model  2600).  It  is  designed  to  duLermlne  aerosol  concentration 
through  optical  scatter  magnitude  as  a  function  of  time  by  calibration  against  chumical  implnger 
measurements  for  known  Hasagus,  This  device  ru(|ulres  aerosol  sampling. 

2.1.12  Chemical  Implnget 

The  chemical  implnger  (Cl)  is  a  mechanical  sampling  device  operated  by  Dugway  Proving  Grounds. 
It  is  used  to  Bumpiu  and  collect  an  aerosol  at  a  known  flow  rate  lor  chumical  analysis  after  a  particular 
tust.  Its  resultant  output  is  dosage  or  time  integral  values  of  the  concentration, 

2.1.13  Muchanlcai  Mass  Bumpier 

The  mechanical  maas  aamplur  was  a  high  volume  aampler  operated  by  Dugway  Proving  Grounla.  It 
collects  a  large  Volume  of  auroiiol  on  u  cullectlon  filter  for  weighing  after  a  tejt. 
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2.2  iNSTRUMKNI  ARRANCEMRN’i 

Klfturu  2  sliowB  how  the  liistrumontatlon  waw  armiigod  In  thn  oUistor.  Tho  iiiuoHuri'd  locfltlnn 
coordlnaCtiB  of  uauh  Iniitrumunt  in  iiidlcatud  by  u  dot.  Thu  luHtruiiiuiitH  wuiru  oiauluruil  un  u  cuncrutu  pud 
which  muaiurad  IS  x  30  ft.  Commurclal  power  was  used  to  drive  all  Inatrumunts  In  the  cluster.  This 
eliminated  any  meaauretnent  uncertainties  due  to  power  surges.  The  Instruments  were  arranged  on  the 
concrete  pad  to  take  advantage  primarily  of  prevailing  winds  *’rom  the  south.  The  data  acquisition  box 
proved  to  be  a  major  contributor  to  turbulence  around  the  cluster  as  did  the  barrel  stands  for  some  of 
the  instruments  In  the  cluster. 
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I'lHure  2. 


I UHtrumeiit  nrrmuu'iiuMit  on  ti'st  pud. 


2.3  SElECTliU  EXAMI’hHS  OT  IIATA  OUTI'IITK 

01:  the  instruiuentu  which  were  1  luted  mul  brIi'I'lv  described  In  section  2.2,  I  be  .speetfal 
LriinsmlnHonieter ,  tbe  quarts',  crystal  imiss  monitor,  and  the  electrical  acroaul  .iiialvzcr  .iii'  rclallvely 
new  liistcumentH  and  have  not  been  used  to  imy  itlgniricant  extent  In  obsciii  aaL  l  lelil  U'sts.  Thcrel  m  !■, 
examples  are  presetUed  ol  tbe  data  outputs  from  these  InstruimMUs  to  lllustriitc  Lhch  pri'seiit  .iiul 
potential  cutuib  11  Lt  Les  . 
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2,  ^.l  HpuciraJ.  TranainlsMomuCur 

Figure  3  shows  a  typical  wavelength  verauB  cranamittance  spectrum  obtained  with  the  SI’T  during 
Smoke  Week  TII.  The  plot  is  Cor  a  white  phoaphorufl  smoke.  The  blank  interval  uccuning  between 
approximately  5,B  and  6.3  tin  corresponds  to  a  change  In  the  response  function  of  the  transmlssometer'a 
sandwich  detector,  Tlveae  data  are  plotted  as  a  continuous  function  with  linear  interpolation  between  the 
discrete  points.  The  pasabanJ  for  any  one  wavelength  is  approximately  i%  of  the  center  wavelength. 


'  The  (laLu  hIiowu  In  t  lgurc  3  were  acc|uin‘d  In  I  oecond.  For  file  iO-secoiid  block  of  SPT  data,  any  combination 
n[  Lt  auHtni  Ltance  ns  a  function  of  Lime  am!  wavelength  Lh  tlu’H  obtalnabU*.  These  kinds  of  data  were 
1  Dund  to  Ih‘  iiioHt  eunveulently  lej'resented  on  the  kind  ol  thrue-d Imnns lonal  plot  shown  In  figure  A  wlitch 
will  1)1'  nferri-'d  to  ‘s  a  T.M.  pint,  Ue,  t*'nnsmtttance,  waveKiiglh,  and  time,  liy  examining  these  pints, 
tlhuie  iMiiiiiU's  In  the  particular  time  seciuenee  can  be  re.adl  Iv  Identliied  for  a  mnre  di'inlled  study  nt  the 
tvpe  111  aiuTtral  ilat/i  I  ml  1  la  I  rd  In  figure  i.  Tlu*  power  of  IhiS  type  t  ransi.i  i  ssoineter  fur  the  kinds  of 
moasiiriMtuMit '•  ‘aien  In  Siiuike  Wei’k  III  resides  In  tiie  faet  that  the  npertral  distribution  ot  t  ransni  1 1  tanoe 
I >:  iiu’.mnn  il  uvn  a  ver,'  broad  baml  nf  wavi* Uniglhs  of  Interest,  With  this  data,  partleular  wavi'U'iij'.th 
IT)',  lulls  wlilili  iiilplil  bo  e;<i>l<illed  using  narrow  w.-ivelei.r.th  devices  such  as  lasers  can  lu‘  Identliied, 
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I'iguru  4,  VransmiCtancet  wavelungth,  tima  (TXt)  plot  for 

whitu  phosphorus  -  trial  16  (lOOX  RK> . 


[.ilaiitlfylnB  such  rugioiifi  canntu  be  dona  with  broadband  transmlasoracturs .  Howo/ar,  whan  it  it  dasirad, 
broadband  trausmlttnnca  con  be  asclraatad  with  the  spectral  truiiHnisBotnatar  by  Intagratlng  the  detailed 
.‘jpactrum  over  tha  range  ni  inlarasl:.  By  choosinK  a  transmittance  at  some  ralarance  wavelength  and 
computing  ratio.,  of  InCi)  to  the  reference  trunamlttanoa,  data  of  this  kind  can  be  exploited  to  determine 
virtually  any  relative  mass  extinction  coefficient  in  the  full  range  from  the  near  to  far  IR. 

2.3.2  IJuartz  Cryst.ai  Mass  Monitor 

An  example  of  the  type  of  data  which  wps  tibtained  with  the  ()t;M  la  shown  in  figure  5.  Figure  5 
plots  the  .iccnmuiatlve  mnsH  concentrntlon  measured  with  the  qCM  us  a  function  of  time.  The  .iccumulative 
concontr.u  Ion  mensured  over  the  entire  trial  time  la  tdenticul  to  the  parameter  commonly  referred  to 
"dosage".  Figure  ')  also  plots  tlie  instantuni'ous  cuneentral  Ion  ns  .n  lunctlon  of  time  for  1-second  averages 
as  nriasiired  by  the  gCM.  By  using  data  such  as  Is  liluslratud  In  figure  5,  yield  factors  whfch  are 
directly  applltahfe  to  those  dosages  obtulneil  with  meehanieal  mass  samplers  can  he  determined  directly 
in  the  field  experiment. 
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INITANTAMtOUS  COMCntTUTtaN 
(OMI  IICONO  AVKkACt) 


ACCUtUUTIVI  TIME  AVERARE 
CONCENTEATIDN 


Figuru  5.  ExnmpluE  o£  ()0M  output. 


2.3.3  Eluctrlcul  Aurosol  Analyzut 

Figuru  6  plots  a  particle  alae  distribution  whl.ch  was  obtained  for  white  phosphorvia  ualug  tlie 
electrical  aerosol  analyzer.  Thla  size  distribution  was  the  only  full  distribution  obtained  duri.UR  the 
Smoke  Week  III  teats  using  the  EAA  because  of  Its  relatively  long  two-mlnutu  cycle  time.  Numerous  data 
were  obtained  for  the  larger  size  Incrementa  raeasured  by  the  EAA  burause  the  sample  Lime  for  the  larger 
size  Inerements  only  corresponds  to  roughly  1/4  that  of  the  entire  cycle. 

3.0  MEASUREMENT  COMPARISONS 

In  this  section,  It  Is  shown  how  the  varloun  measurements  obtained  in  the  Instrumentation 
cluster  can  be  used  to  compute  the  basic  quantities  needed  to  optically  characterize  an  obscurant 
cloud. 


3.1  EXPRESS lONIl  FOR  THE  BASIC  PARAMETERS 

3.1.1  Mean  Extinction  Cross-Section 

Thu  mean  extinction  cross-section  may  be  determined  either  from  slae  dlstrllutlon  mcfnnireinoiiln 
when  the  extinction  efficiency  Is  known  or  Crum  trausralttonee  values  .ind  nui.iber  density  estlnmtet. 
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flfiiiro  fi.  0,007  -  1  t*ro  pnrtlclt*  sizu  distribution 

probability  dunnity  function  muasurod  by  EAA  for  trial 
IH,  whlto  piiospborii  , 


Cun.'ildur  first  bow  slzu  distributions  arc  used  to  ustlmotu  the  monn  U/,tinctlon  cross-suction.  Suppose  u 
imrtlclu  size,  .inn.lyzur  obtains  tliu  size  distribution  In  "n"  dlscrutu  size  Inorumunta ;  tbun,  assumltiK  that 
tliu  .luroMol  Is  Haiii|>luil  randomly,  tbw  probability,  fp  of  obtaining  a  p.Titlcular  muasurumunt  Ir  tlic  Itb 
size  Interval  li,  plvuii  by 


UNCLASSIFIED 


UNCLASSIFIED 


N  -  I  n. 


and  is  tha  numbar  of  maaaurananta  In  thu  1th  alza  Intarval.  Tha  matn  UKtlnctlon  crosa-BNCtloni  0, 


can  than  be  written  aa 


wheru  lo  the  extinction  efficiency  for  the  larteat  particle  diameter,  Dj^,  In  the  ith  aiae  Interval. 

can  be  computed  for  apherlcal  particles  from  Mle  scattering  theory  when  the  index  of  refraction  of 
thu  obscurant  material  is  known. 

Most  particle  size  analyzers  can  determine  particle  number  density,  p^.  Independently  of  the 
measured  size  distribution.  This  can  be  achieved  by  counting  particles  at  a  fixed  flow  rate  (PSA)  or  by 
determining  particle  coincidence  in  a  small  sample  volume  optically  placed  in  a  large  unperturbed  volume 
of  the  aerosol.  Examination  of  the  Beer-fiougher  law  as  expressed  in  the  equation 


where  T  is  the  transmittance  and  U  Is  the  transmission  path,  shows  that  a  number  density  and  trausmlttance 
measurement  also  yields  o,  l.e. 

Hence,  0  can  be  estimated  directly  using  two  relatively  independent  experimental  inessuremiints  -- 
transmittance  and  number  density. 

3.1.2  Masa  Extinction  Coefficient 

'  The  mass  extinction  coefficient,  referred  to  simply  as  the  "extinction  coefficient",  is  often 

used  to  cliaracturize  thu  optical  characteristics  of  an  obscurant  rather  than  c.  The  mass  extinction 
coefficient,  d,  is  defined  as 

a  -  oil  p^U3  (6) 

where  is  thu  material  density  of  the  obscurant  and  is  the  third  moment  of  the  particle  size 
distribution  or,  equivalently,  tt/6  is  the  mean  particle  volume,  a  is  thus  thu  mean  extinction  cross- 
section  per  mean  particle  mass,  a  can  be  computed  using  particle  size  analyzer  data  by  computing  a  as 
indicated  in  section  3.1.1,  equation  3.  The  third  moment  of  the  size  distribution  cun  be  computed 
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3.2  POSSIBLE  DATA  COMPARISONS 

One  of  the  major  objectlvea  in  ualng  a  number  of  different  InDtrumente  in  the  Inetrumentation 
cluster  was  independent  determination  of  many  of  the  parameters  described  in  section  3.1.  Thus  teuts  of 
internal  data  conalstuncy  and  cross-checks  of  the  varloua  pnraroeters  which  might  be  determined  using  the 
r.alculatlonal  procedures  indicated  in  sections  3.1.1  through  3.1.4  can  be  created.  Table  II  summarises 
how  the  various  instruments  could  be  used  to  estimate  the  parameters  of  interest  from  data  which  could 
be  collected  from  the  Instrumentation  cluster.  The  instruments  are  indicated  by  row  and  the  parameter 
of  IntercHt  Is  Indicated  by  column.  Combinations  of  particular  instruments  are  indicated  which  can  he 
used  to  yield  the  parameter  of  interest.  For  example,  the  column  headed  by  (SPT,  QCM)  shows  that  the 
mass  extinction  coefficient  could  be  estimated  from  the  data  obtained  using  these  two  Instruments  with 
equation  9.  The  summary  of  Individual  estimates  indicated  In  Table  11  provides  an  intrinsically 
enllglitenlng  look  at  the  power  of  the  optical  and  cascade  particle  slr.u  anolyzers.  It  will  be  notlcnl 
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that, putuntlal ly, these  devices  can  determine  every  parameter  indicated  in  the  left  hand  column  when  the 
particles  can  be  assumed  to  be  .'ipheres  and  tlie  liidea  of  refraction  and  material  density  are  known. 
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Sl'Ti  Short  Pitli  Trtnanliioimiter 
iltHi  quarts  Cryatal  Mata  Honitor 
(ISM  optical  Slaa  Analyiar 
(ISM  Coscada  Slaa  Miaiyaor 


i.i  PARAMETER  ESTIMATION  LtUlTATlONS 

The  approach  which  has  been  discussed  for  ttie  instrumentation  cluster  alleviates  many  of  the 
UmItntloiiH  encountered  in  past  field  measuremunts  (e.R,  Insufficient  instrument  redundance  and  unknown 
errors).  Howevei ,  there  are  at  least  four  major  limltat,  ms  which  will  restrict  the  potential  utility 
of  this  appromili  in  obscurant  field  characterization,  Theau  limitations  ate  1)  different  ranHea  In  the 
parameters  meusured,  2)  different  samplfnK  times,  3)  different  spatial  locations,  and  4)  different 
volumes  of  iietoHol  examined  by  the  different  instruments, 

U  sluiuld  be  clear  that  Identienl  answers  should  not  be  expected  from  Instruments  which  have 
dirfurenl  riiiiiicH  of  comparison  or  measure  over  different  ranKes,  Thus,  It  Is  nocusaary  to  cniefiilly 
eliooHu  Lnstruments  for  the  eoinparlsons  in  which  the  raniies  of  the  parameter  to  be  determined  slpnl f  IcanLl  y 
overlap.  In  the  I  Inal  analyals,  tlie  potential  errors  which  are  Introduced  Into  the  separate  sets  of 
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metiHurBinunta  by  ignorlnR  tliu  datR  valuBb  buyond  ths  range  of  each  Instrumental  mensurument  sliouJd  be 
examined.  This  tecoraus  particularly  apparent  when  particle  size  analyzers  are  joiislderud .  For  example, 
It  often  occurs  that  measured  particle  size  ranges  do  not  overlap,  the  histogram  size  iticrements  are  nut 
the  same,  the  aerosol  is  sampled  differently,  and  eigniftcantly  different  volumes  of  aerosol  are 
axamlned. 

If  the  instruments  used  to  measure  a  smoke  cloud  do  not  sample  at  the  same  rate  or  sample  in 
an  on/off  sequence  such  that  the  sampling  times  do  not  correspond  to  observation  of  identical  parts  of 
the  obscurant  clouds,  obvious  discrepancies  in  the  data  may  arise.  This  difficulty  can  be  alleviated  in 
part  by  looking  at  long  time  averages  of  the  data  such  that  short  variations  due  to  time  lags  between 
instruments  may  be  reduced  to  insignificant  quantities.  Additionally,  techniques  exist  and  have  been 
applied  which  tend  to  remove  the  effects  of  sample  acquisition  time  and  epactlal  location  of  the  instru¬ 
ments  if  it  can  be  aseumed  that,  eventually,  the  inetruments  will  sample  the  same  portion  of  the  cloud 

2 

oven  though  at  different  times  and  even  though  the  equivalent  sample  response  times  are  known. 

The  problem  of  physically  locating  the  sampling  Instrumunta  such  that  the  physical  presuncu 
of  one  inebrument  does  not  interfere  with  the  aeroeol  being  sampled  by  another  inotcument  is  one  which 
can  lead  to  errors  and  which  must  be  examined  carefully .  Theeu  errors  are  of  two  types,  First, 
disturbances  are  introdeced  into  the  wind  flow  carrying  the  aerosol  to  the  instruments.  Second,  lag 

times  are  introduced  into  the  sampling  system  of  the  instrument.  As  n  result,  when  data  are  considered 
for  identical  sample  times,  the  instruments  are  actually  responding  to  significantly  different  portions 
of  the  cloud.  The  problem  of  lag  times  is  one  which  requires  additional  study, although  there  preuently 
appears  to  bo  reasonably  straightforward  solutions  to  eliminating  this  difficulty.  The  problem  of  flow 
inter furenco.  can  be  solved  by  careful  studies  of  the  location  of  the  Instruments  for  various  wind 
directions  and  choosing  to  place  the  instruments  on  support  structures  which  will  not  block  or  deviate 
the  wind  flow, 

The  limitation  introduced  by  the  fact  that  each  instrument  cun  potentially  sample  u 
significantly  different  volume  of  aerosol  bears  additional  uvuluatlon.  For  example,  the  sliort  path 
transmlsMometer  oxnmined  a  volume  of  aerosol  which  corresponded  to  cylinder  having  u  cross-sec t lounl 
urea  defined  by  the  diameter  of  the  transmitted  beam  (10  cm)  and  by  the  5ra  path.  If  the  wind  direction 
la  assumed  normal  to  tliu  line  of  site  the  sampled  volume  is  the  product  of  this  cross-suctlonal  area 
multiplied  by  the  wind  velocity  and  sample  time,  (For  a  lO-second  sample  time  and  Ini/sec.  winds  this 

3 

cnald  correspond  to  a  volume  of  4.D  m  .  On  the  other  hand,  the  particle  size  analyzers  of  the  hllmet 
l.ypi:  v/ithdraw  an  aerosol  at  a  fixed  flow  rate  which  Is  typically  of  the  order  of  litres  [ler  mtiuile. 

This  volume  ohvlnusly  corresponds  to  a  volume  approximately  10  ’  times  smaller  than  that  dellned  by  tile 
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SPT,  Additionally,  tho  QCM  will  also  oxnnilne  a  mucli  Aninller  voliinio  of  nei'oaol.  Thus,  an  assumption 
must  bt>  mnda  that  thu  volumus  satipled  by  the  low  volume  Instruments  are  reasonably  representative  of  the 
much  laruer  volume  sampled  by  the  SPT,  A  method  fur  circumventing  this  difficulty  Is  to  use  a  number  uf 
different  instruments  such  that  1)  reliable  statistics  can  be  obtained  for  a  given  kind  of  Instrument, 
and  2)  a  significantly  larger  spatial  sample  of  the  aerosol  will  be  examined  by  a  single  kind  of 
Instrument, 

4.0  SUMMARY  AND  CONCLUSIONS 

Results  obtained  from  the  Instrumentation  cluater  described  elsewhere  show  clearly  that 
cluatering  such  Instruments  has  yielded  valuable  data  not  obtained  before.  These  data  have  shown,  for 
example,  a  temporal  dependence  of  the  mass  extinction  coefficient  for  hygroscopic  smokes  that  haa 
provided  a  poaslble  explanation  of  why  the  mass  extinction  coefficient  obtained  with  particle  size 
analyzers  is  usually  significantly  larger  than  that  obtained  by  long  path  transmission-chemical  Implnger 
2 

data.  The  consistency  and  expected  spread  of  meaeurements  which  can  be  expected  for  a  given  set  of 

muasutemente  has  been  denionsttated.  Lastly,  the  spectral  dependence  of  the  extinction  coefficient  for 

a  broad  range  of  wavelengths  between  2,5  and  14  pm  has  been  obtained. 

It  has  been  found  that  the  optical  size  analyzer,  QCM,  and  SPT  systems  are  powerful  combination! 

of  Instruments  for  determining  mass  extinction  coefficient,  mean  extinction  cross-snctlon,  concentration, 

and  spectral  transmittance,  and  for  parametric  comparisons  of  data  consistency. 

The  Smoke  Week  III  test  was  the  first  attempt  at  using  a  cluster  of  instruments  to  obtain  the 

type  of  data  which  has  been  provided  by  widely  spaced  Instruments  In  the  past.  It  has  been  obvious  from 

anaiysts  uf  the  data  that  greater  care  should  be  paid  to  instrument  arrangement  and  flow  patterns  around 

the  Jnstruniunts  in  future  work.  The  value  uf  the  sliort  path  tranamlasometer  data  Is  obvious.  However, 

in  future  tests,  it  is  most  desirable  to  be  able  to  run  the  transmlasometer  continuously  with  a  much 

expanded  computer  memory,  It  is  also  desirable  to  sample  at  even  a  higher  rate  than  200  wavelengths  per 

second  In  order  to  determine  the  upper  limit  at  which  the  mass  extinction  coefficient  may  fluctuate. 

It  la  also  recommended  tliat  an  effort  be  made  to  require  that  the  instruments  function  In  a 

common  aampllng  eequence  and  to  further  increase  the  data  redundance  by  using  more  than  one  particular 

kind  of  instrument  in  order  to  cross-check  the  potential  variations  which  might  be  Introduced  due  to 

sampilng  different  vuiumes  of  the  flow  and  potential  measurement  errors  by  a  given  instrument. 

A  fundamental  problem  encountered  in  clustering  the  instruments  In  a  localized  area  was  the 

subjection  of  the  test  to  the  variability  of  the  wind,  e.g,,lf  the  wind  changed  such  that  the  obscerant 

was  not  blown  past  tbe  cluster, then  the  test  bad  to  be  delayed  until  the  wind  was  in  a  suitable 

direction.  This  difficulty  can  be  overcome  by  utilizing  a  mobile  system  which  could  be  positioned  at 
144 
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l■ulvlllUlH’,l.unlH  poUitH  diirl.ni',  n  piirt  1  cii Lfir  trliil  for  optlimil.  wind  lucatlun.  li;  muy  bt;  dunirublu  to  plaou 
■‘lucli  a  unll  .11  v.ii'iDU.i  il.iwuwlrid  puHttions  tor  Iho  niiiiu'  typo  of  obHcor.iiil  In  SL'(|iioiitl.’i^  trlnlK  to 
dutormini!  Mow  thu  obBciirnnt  cMangus  rulatlve  to  cloud  dispersion. 
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ABSIRACr 

Thu  Instrumuntaclon  cluster  used  in  Smoke  Week  111  provided  tlne-resolvud,  localized  measure¬ 
ments  of  the  optical  characteristics  of  the  obscurants  tested.  This  paper  will  discuss  some  of  the  more 
Important  results  obtained  from  these  data.  Chief  among  these  are  the  time  dependencies  of  the  muss 
extinction  coefficient  and  extinction  cross-section,  data  consistency  between  different  kinds  of 
Instruments,  snd  the  relative  changes  in  the  extinction  coefficient  for  vatioua  wavelengths  as  a 
function  of  time  and  the  uncertainties  associated  with  these  measurements, 

1.0  INTRODUCTION 

Serious  discrepancies  have  been  found  to  exist  between  laboratory  and  field  measurements  of 
the  mass  extinction  coefficient  of  hygroscopic  smokes.^  Additional  research  has  shown  that  the  data 
differences  could  be  traced  to  how  the  ffluasuri.i.ients  were  made  in  the  field  tests.  When  the  extinction 
coefficient  was  computed  using  particle  size  distributions  measured  In  fluid  experiments,  results 
reasonably  consistent  with  laboratory  measurements  were  obtained.  However,  when  these  results  were 
bomparud  to  those  obtained  using  long  base  llnu  transmittance  and  chemical  liuplngur  data,  significant 
differences  were  evident.^  WIillu  the  consistency  of  the  laboratory  and  field  determined  extinction 
coefficients  via  size  distribution  argues  strongly  that  those  extinction  coefficients  determined  by 
transmittance  and  chemlc.ol  iraplngur  data  are  erroneous,  there  Is  no  a  priori  reason  to  assume  this  la 
BO,  A  number  of  factors  need  to  be  considered  and  Investigated  before  definitive  conclusions  may  he 
dtnwri.  Till!  most  significant  of  these  me: 

1.  .  Apparently, very  little  attention  Ims  been  given  to  the  levels  of  uncertnlnty  In  extinction 
cuefflclents  which  have  been  determined  In  fluid  or  laboratory  data, 

2.  It  has  been  generally  assumed  thnt  for  the  time  scales  present  in  field  tests,  the 
extinction  coefficient  is  Independent  of  time  and  Is  spatially  constant.  This  is  yet  to  be.  verified. 

1.  (lunerally  speaking,  there  have  been  very  few  cross  chucks  (with, perhaps, the  exception 

of  Particle  Size  Analyzers)  of  diitu  from  different  kinds  of  Instniraonts  used  to  determine  the  .snmc 
parameter . 

A,  Munition  genernted  obscurants  In  fluid  trials  may  have  Inlrlnslcnlly  different  extinction 

coefficients  from  those  genernted  In  Inborntory  tests  using  small  samples  of  the  same  material, 

Thuti,  tluflnltlve  comparisons  between  Inborntory  imd  field  mensurements  ennnot  he  made  nnless 
1)  some  <|nant  Hat  1  ve  level  of  confldein.e  Is  established  for  both  sets  of  ineasnrementH  hotli  In  toriim  of 
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stallHtlciil  conl'lcleiiou  nnci  luHtrumunt  Co  Instrument  data  consistency,  2)  fundamental  assumptions  have 
been  verliiud,  and  !3)  It  Is  clear  how  Inboratory  and  fluid  data  should  be  compared.  During  Smoke  Week 
III,  mijiiMurementt!  were  made,  with  the  Intent  of  generating  data  to  help  ruBolve  these  questions,  These 
data  were  provided  by  a  iueallzed  set  of  instruments  callecl  tlie  "Instrumentation  cluster"  placed  on  n 
concrete  pad  near  the  test  grid  center.  Among  the  parameters  measured  by  thuoa  instruments  were 
1}  particle  size  distribution,  2)  particle  number  density,  3)  aerosol  mass  concentration)  and  4)  trans¬ 
mittance  over  a  5m  path  for  over  200  wavelengths  between  2.5  and  U  pm.  In  a  number  of  test  cases, 
there  was  sufficient  redundance  in  the  instrumentation  and  in  the  muaauremunts  to  determine  data 
consistency  and  range  of  variation  in  the  meaautement.  A  description  of  the  instrumentation  cluster, 
its  arrangement,  hardware,  and  possible  data  correlations  available  with  the  measurements  are  discussed 
elsewhere,  Thu  purpose  of  this  paper  is  to  discusa  the  most  nignificant  results  obtained  from  the 
Instrumentation  cluster. 

2.0  TIME  OEPENDENCE  OF  THE  MASS  EXTINCTION; COEFFICIENT 

A  major  conclusion  to  be  drawn  from  data  obtained  from  the  instrumentation  cluster  is  that  the 
mass  extinction  coefficient  can  often  be  a  time  dependent  variable  and  not  a  constant  as  Is  often 
assumed,  In  this  section,  the  analysis  and  the  experimental  data  leading  to  this  conclusion  are 
presented. 

2.1  TEMPORAL  3PECTPA  OF  MASS  EXTINCTION  COEFFICIENTS 

A  primary  limitation  of  any  analysis  which  attempts  to  estimate  a  parameter  from  two  separately 
sampled  Instruments  is  tlie  accurate  correlation  of  sampling  times,  For  example,  a  cloud  parameter  such 
as  the  mass  concentration,  C,  measured  between  times  tj  and  tj  wjll  not  directly  correspond  Lo  the  same 
portion  of  the  cloud  measured  over  the  same  time  Interval  at  a  different  spatfnl  location.  Even  for  the 
same  location.  Instrument  response  times  could  be  ilifforent.  Previous  analysis  has  attempted  to  rlrcura- 

3 

vent  this  problem  by  examining  time  integral  values  of  the  parameters .  In  the  case  of  the  a\ass 
extinction  coeff ic.lent ,  a.  It  was  necessary  to  assumu  a  was  independent  of  time,  It  is  thus  desfrable 
tu  test  tills  asHumptiou  by  examining  the  temporal  characteristics  of  a  indicated  by  the  Instrumentation 
cliiHtur  data,  Fourier  trunsfunii  theory  can  be  used  to  reduce  or  eliminate  the  uncertainty  arising  from 
unknown  shifts  In  siimple  times.  It  also  provides  a  convenient  means  of  examining  temporal  dependuai  eii 
in  u. 

Suppose  1.1  and  are  fuaetloiiH  ol  time  given  hy  '<(t)  and  C(t);  then, the  liiutanlain’ouM 
trunsmlttance  an  a  riau'tlon  ol  tltiu'  T(t)  for  the  short  pntli  tranHmlssomuter  (Sl’T)  eun  he  written  as 

-lnT(t)  -  u(t)  ('.(t)l,  11) 
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AHSume  that:  thu  tluud  :ls  saCficitmtly  liomo);utiuoua  that 

t;(l)  “  0  (t  +  t  )  (2) 

III  o 

whui  '  iJ  (t  +  t  )  In  tliL  iiia.iaunid  I'.miL'uni  ratlun  at  luiiiii.!  latiT  tlmu  t  )■  t  ,  aild  t  1h  a  ilalay  In  tha 

111  II  [1  i) 

Natnplliip,  tlma  which  Is  proportional  to  tha  Instramant 's  "patial  Huparntion,  atmosphurlc  wlnda  and 
turhuluncu,  and  thu  response  time  of  the  sampling  Instrument.  Substituting  equation  1  into  equation  2 
and  integrating  over  the  sampling  Interval  T  yields t 

t  T 

-J  ln{T(t))dt  •  I  J  a(t)C^(t  +  t^)dt  (3) 

o  o 

where  L  Is  assumed  constant.  The  right  hand  side  of  equation  3  may  be  recognised  os  the  cross  correla¬ 
tion  of  ot  and  in  the  limit  as  T  approaches  The  Fourier  transform  of  a  function  f(t)  can  be 
written  us 

Op 

F(f(t))  -  J  f(t)e"^^™^dt  (4) 

-ae 


ApplyinK  tho  Kourlet*  transform  to  both  sitlua  of  equation  3,  it  cun  bo  shown  that 

T 

n-J  i.ia'(t)idt)  '  F(u(t))F(c^^(t))L  (5) 

0 

SulvinK  oquution  5  yiolds 

T 

fit(t))  (fO 

0 


K 


- 


ln{T(t))dt)/K((:|,i(t))l, 


An  InviifHe  Fourier  translunii  can  he  applied  tu  equation  6  to  yield  a(t)i  thereby  olliiilnutlng  the  urrore 
'  which  limy  arise  Irom  an  unknown  t^^.  An  Inverse  translormatUMi  Is  nut  neceusury,  however,  since  all 

t 

necessary  Inlormatlon  Is  contained  In  Fluid)).  Methods  of  extracting  tlie  necessary  Infuriiiat  Ion  depend 
on  I’ursevn  1. ' s  theorem, wh Ich  can  be  wr'tten  im 


•u 


J  I'Hlll 


dt 


/ 


iFlud))!- 


dw 


(?) 


IF  ltd)  were  n  qiiiintlLy  such  ir  voltage,  then  equation  V  could  he  Interpreted  as  a  state'iiciit  uT  ronser- 
viiLloii  ol  eiierp.v,  roii t-iiie.ui-  'quare  ol  od),  Is  delliied  an 
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(8) 


On  using  equation  7  In  equation  8  and  making  suitable  adjustments  for  finite  time  records  of  length,  T, 
there  results 


RMS 


T/2 


11«7  f  |F(a(t))I^dw 


1/2 


-T/2 


(9) 


Hence,  the  Fourier  transform  may  be  used  directly  to  compute  the  RMS  value  of  a(t).  It  Is  straight¬ 
forward*  to  show  that  the  zeroth  frequency  component  of  Che  Fourier  expansion  of  some  function  f(t) 
corresponds  to  the  time  average  of  f(t),  <  f(t)>,  where 


T 

<  f(t)>  J  f(t)dt  (10) 

O 
N  ' 

ThuiB,lf  the  square  root  of  the  zeroth  frequency  component  of  |F(o(t))p  is  computed,  the  time  average 
defined  by  equation  10  Is  obtained. 

The  Integrand  on  the  right  hand  side  of  equation  7  is  often  used  in  the  analysis  of  time 
dependent  systems.  It  Is  called  the  "power  spectrum"  of  the  function,  and  Is  written  S(w) 


S(u)  -  |F(a{t))|^  (11) 

If  a(t)  were  a  voltage,  then, for  unit  resistance, S(u)  would  show  how  the  power  or  energy  is  distributed 
in  terms  of  frequency.  For  example,  S(u)  as  a  function  of  u  for  a  constant  frequency  sinusoid  with 
amplitude  A  and  frequency  would  be  a  spike  of  amplitude  |a|  located  at  (Equation  11  predicts  a 

second  spike  at  -co^  which  is  usually  Ignored  for  physically  real  systems  since  there  are  no  negative 
frequencies.)  No  physical  explanation  is  presently  offered  for  the  meaning  of  the  "power  spectrum"  of 
che  extinction  coefficient.  It  will  be  presented  here  merely  as  a  convenient  computational  device  for 
examining  the  temporal  characteristics  of  a. 

Figure  1  shows  the  set  of  power  spectra  computed  for  a  for  trial  16  using  the  spectral 
transmlssometer  data  at  3. A  micrometers  and  the  quartz  crystal  mass  monitor  (QCM)  concentration  data. 
Both  sets  of  data  were  acquired  using  a  once  per  second  sampling  rate.  Contrary  to  expectations  and 
assumptions  made  in  numerous  past  analyses,  a  has  an  obviously  strong  temporal  dependence.  The 
temporal  character  changes  for  the  A  sets  of  data.  This  implies  that  a  has  a  nonstationary  mean,  i.e. 
the  mean  changes  on  time  scales  at  least  of  the  order  of  the  time  separating  the  transmissometer 
samples  (approximately  30  seconds). 
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Figure  1.  Power  spectrum  for  mass  extinction  coefficient  for 

phosphorus  smoke  at  1002  RH  (trial  16).  Relative  time  sequence  is  a-d. 


Figures  la-d  clearly  show  that  the  quoted  value  of  a(t)  will  depend  on  how  the  data  are 

averaged  with  respect  to  time.  Table  I  compares  the  arithmetic  and  RMS  time  averages  obtainable  from 

these  data,  the  maximum  and  nlnimum  values  of  a,  (a  •  a  .  )  shown  in  the  power  spectrum,  and  the 

max  iQin 

frequencies  (u)  ,  U)  )  at  which  they  occur.  Additionally,  the  power  spectrum  for  the  entire  ensemble 

msx  mxn 

of  data  has  been  computed  as  though  it  were  a  continuous  time  record.  The  result  is  shown  in  Figure  2. 
The  cime  average  of  successive  data  sets  in  Figure  1  shows  a  steadily  decreasing  trend  which  is  stronger 
than  the  RMS  decrease.  There  is  no  obvious  trend  in  the  maximum  or  minimum  values  except  that  the 
maximum  values  seem  to  occur  at  higher  frequencies  than  the  minimum  values. 


HASS  EXTINCTION  VALUES  DETESHINEO  FKOH  POWER  SPECTRA  FOR 
A  PHOSPHORUS  AEROSOL  NEAR  lOOZ  RELATIVE  HUMIDITY 


RELATIVE 

HUMIDITY 

(X) 


“hax<“*> 


16. I  100 

1.84 

I. IS 

2.17 

0.70 

0.1563 

0.0625 

16.2 

0.71 

0.50 

1.15 

0.25 

0.50 

0.468 

16.3 

0.63 

0.67 

2.07 

0.12 

0.218B 

0.0625 

16.4 

0.42 

0.33 

0.70 

0.19 

0,500 

0.0938 

{  16  ) 

0.35 

0.41 

1.41 

0.01 

0.500 

0.4922 
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Figure  2>  Power  spectral  deualty  for  the  maaa  extinction 

coefficient  using  the  total  tlae  record  of  the  spectral  transmlasometer. 


These  data  provide  a  possible  clue  as  to  why  there  exists  a  significant  difference  in  a  values 
measured  using  time-integral  concentration  and  transmission  values  and  those  measured  in  the  laboratory 
or  field  using  particle  site  analyzers.  The  entry  labeled  {  16}  in  Table  1  shows  that  the  average 
values  of  a  over  the  long  time  record  are  significantly  smaller  than  those  computed  for  the  shorter 
sample  times.  Thus,  aside  from  the  fact  that  a  apparently  cannot  be  assumed  constant  in  time  for  Che 
hygroscopic  .uukes,  the  mean  value  of  a  over  the  trial  decreases. 

The  usefulness  of  this  approach  for  estimating  a  is  further  illustrated  when  the  temporal 
spectrum  of  nonhygroscopic  clouds  are  examined.  For  example,  compare  the  power  spectra  shown  in  Figure 
J  obtained  from  the  XM49  generator  dispensing  IK  III  at  two  different  operational  periods  where  the 
generator  la  operating  near  the  Instrumentation  cluater.  Figure  3a  corresponds  to  initially  reatonably 
stable  operation, although  the  spectral  dlatrlbutlon  ahows  a  broad  range  of  valuea.  In  this  case,  RMS 
values  of  ><  are  about  15%  of  the  magnitude  '^f  the  time  averaged  values.  Figure  3b  corresponds  to  a 
case  near  the  end  of  the  same  trial  when  the  output  from  the  generator  la  apparently  strongly  periodic 
ultli  the  extinction  coefficient  ha/lug  a  time  period  between  2.h  and  2.9  seconds.  Comparison  of  the 
liower  spectrum  magnitudes  shows  tfiat  It  Is  roughly  7  times  greater  In  magnitude  than  the  time  average 
value.  If  the  source  of  tills  periodicity  In  o  could  be  Identified  then, obvl ously, the  possibility 
exists  for  Improving  the  characteristics  of  ii  through  generator  or  obscurant  mndlflcaflon  to  obtain  the 
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(a)  (b)  (c) 

Figure  3<  Maaa  uxetnctlon  spectra  for  IR  //I.  a)  Normal  generator 

operation,  b)  extraordinary  generator  operation,  c)  dlapersion  from  a 
helicopter  for  IR  #1  mixed  with  fog  oil. 

desired  result.  Figure  3u  shows  the  relative  power  spectrum  for  IR  If  I  mixed  with  fog  oil  after 
dispersion  from  a  helicopter.  By  comparison  with  the  ground  generated  cloud,  this  power  spectrum  Is 
much  more  uniform  In  amplitude.  Only  a  iX  difference  exists  between  the  maximum  and  minimum  values  of 
a  at  any  one  freciuericv.  This  Is  Interpreted  to  indicate  a  well-mixed  cloud  with  no  predominant  sources 
of  a. 

2.2  MASS  EXTINCTION  COEFFICIENT  DETERMINATION  USING  PARTICLE  SIZE  DISTRIBUTION  DATA 

The  time  dependent  character  of  a  Indicated  by  the  Fourier  analysis  of  transmission  and 
concentration  data  has  been  found  consistent  with  deternilnaticns  of  u  made  using  particle  size  distri¬ 
bution  data.  The  mass  extinction  coefficient  can  be  computed  directly  from  particle  size  diatrlbutinn 
data  when  the  extinction  efficiency,  and  material  density,  p^,  are  known.  The  mass  extinction 
coefficient  defined  an 

a  “  a/“  p  D ,  O  Z ) 

0  O  J 

when*  (J  1h  tl\e  niOi.ui  uxttnctlon  croHH-Hectlun  und  li.j  tlie  tliLid  i.u  the  size  lilsJ.rllmtli'ni  In 

thl.M  BectloUi  vuliitJH  for  phi>H|)hui:uH  aru  rupurted  wlilcli  were  olitalned  partlele  aize  d  lnL  fi  hut  Ion 

dut.n  meaHured  witli  u  particle  slzlnp.  Interferometer  (!*S1),  I'l}?,ureR  4-*’!  plot  the  oomptited  extinction 
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coefficients  for  3.^  micrometers  and  trials  16,  25,  32,  18,  30,  and  2A,  Values  for  as  a  function 
of  relative  humidity  were  computed  usinti  the  expressions  given  in  reference  5>  The  extinction 
efficiency  was  computed  assuming  that  these  smol-cs  had  the  same  index  of  refraction  as  orthophosphoric 
acid.  Data  from  two  PSl  systems  are  given.  PSI  1  was  located  30m  from  PSl  2  which  was  positioned  in 
the  instrumentation  cluster.  FSl  1  was  usually  positioned  nearest  the  munition  detonation  point, 


riMI  AFTIS  FUNCTION  (FFt.l 

Figure  4.  Mass  extinction  coefficient  as  a  function  nf  time 

after  munition  detonation  for  trial  16, 
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Figure  6.  Mass  extinction  coefficient  as  a  function  of  time 

after  munition  detonation  for  trial  32> 


I  Iv.uii'  !,  Miihh  exMiu'tliin  ccielfU-ient  an  a  I'unitlcin  of  time 

.illi't'  iiuialilnri  lU'liMiat  li>n  loi-  trial  IH. 
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and  time  dependences  which  presumably  can  be  correlated  through  considerations  involving  atmospheric 
turbulence  and  wind  velocity.  Consider  the  evolution  of  the  mass  distributions  as  shown  In  Figure  11 
from  the  PSI  2  (i.e.  the  PSI  operated  on  the  instrumentation  cluster).  These  data  show  an  initial 
distribution  of  small  particles  which  shifts  to  larger  sizes, then  a  decrease  in  size  as  test  time 
Increases.  This  effect  is  reflected  in  the  a  plot  shown  in  Figure  10.  Also,  note  the  increase  in  the 
small  size  mode  as  time  Increases.  The  bimodal  mass  distribution  is  consistent  with  observations  made 
in  the  H^S  test.^  Secondly,  consider  how  this  data  compares  with  that  obtained  from  PSI  1  located  30m 
from  PSI  2  and  much  nearer  the  munition  detonation  point.  It  is  more  likely  to  detect  explosive  debris. 
The  initial  histograms  shown  in  Figure  12  show  sizes  significantly  greater  than  those  initially  measured 
in  the  clustei  by  PSI  2.  There  is  a  time  differential  of  60  seconds  between  the  start  of  PSI  1  and  PSI  2. 
As  time  evolves,  the  distribution  measured  by  PSI  1  shifts  toward  smaller  sizes. 


Figure  11.  Examples  of  the  evolution  of  the  mass  distribution  with 

time  during  trial  18  for  WP  (CBU  88  Bomblet,  RH  =  81%)  as  measured  by 
PSI  2. 


These  data  seem  to  suggest  that  PSI  1  nearest  the  detonation  point  initially  measured  numerous  large 
bits  of  elemental  WP  or  debris  which  had  not  yet  produced  smoke.  PSI  2,  being  further  away ,  measured 
only  true  phosphorus  smoke, which  was  much  smaller.  As  test  time  increased, smoke  was  observed  which 
was  much  smaller  in  size.  PSI  2  was  able  to  sample  the  cloud  over  a  significantly  longer  period  of  time 
than  PSI  1  because  of  cloud  drift.  These  phenomena  were  observed  for  several  trials  during  Smoke  Week 
UT.  The  extinction  cross-section  and  mass  extinction  coefficient  depend  on  the  size  distribution.  The 
observed  spatial  and  temporal  differences  in  the  measured  distributions  suggest  that  the  extinction  ' 
cross-section  and  .thus , the  mass  extinction  coefficients  are  also  spatially  and  temporally  dependent. 
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Figure  12.  Evolution  of  mass  distribution  for  trial  18  as  measured 

by  PSI  1. 


,  3.0  COMPARISON  OF  DIFFERENT  EXTINCTION  COEFFICIENT  DETERMINATIONS 

A  number  of  different  instrumentation  outputs  obtained  on  the  Instrumentation  cluster  could  be 
combined  to  yield  an  estimate  of  the  extinction  coefficient.  It  is  of  interest,  therefore,  to  compare 
these  values  with  those  determined  by  the  PSIs  and  obtain  an  estimate  of  the  spread  in  the  instrumental 
measurements.  For  reasons  which  will  become  apparent  in  section  4.0,  these  comparisons  will  be  for  the 
a  value  at  a  wavelength  of  3.4  micrometers.  Because  the  various  instruments  are  spatially  separated, 
values  of  a  would  apply  for  different  sampling  times.  As  the  previous  sections  have  shown,  the  method 
of  averaging  the  data  is  significant  even  over  short  time  intervals.  Hence,  in  these  comparisons  entire 
trial  averages  will  be  presented  without  any  attempt  to  weight  the  data  in  terms  of  sampling  intervals 
or  to  correlate  the  data  with  time. 

The  primary  Instrument  Involved  in  these  measurements  was  the  SPT.  This  instrument  was  used 
to  provide  transmittance  values  at  3.4  micrometers  which  could  be  entered  in  the  equation 


^  -ln(T(3.4  urn)) 
T  CL 


(14) 


where  oi^  Is  understood  to  mean  ol  determined  using  transmittance  values.  It  is  assumed  that  the  path 
length  L  (5m)  was  constant  throughout  the  transmittance  measurements  (i.e.  for  times  of  approximately 
30  seconds).  C  can  be  computed  using  particle  size  distribution  and  number  density  data  or  from  QCM 
(lata  which  provides  C  directly  as  a  function  of  time.  A  symbol  convention  is  adopted  wherein  <  0((PSI  2)^ 
is  understood  to  muan  the  trial  time  averaged  value  of  «  determined  from  PSI  2  data  and  equation  12. 
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<a^(PSI  2)>  is  understood  to  mean  the  trial  time  average  of  a  as  determined  from  equaticm  14,  with  PSI 
2  data  used  to  compute  C,  In  cases  where  PSI  2  values  did  not  overlap  ln(T)  values  in  time,  samples  were 
used  which  were  a  few  seconds  apart,  A  similar  convention  is  adopted  for  data  used  from  the  Climet 
particle  size  analyzer  operated  by  Dugway  Proving  Grounds.  This  instrument  is  identified  as  PSA. 

{<  a  >}  should  be  understood  to  mean  the  ensemble  average  of  the  time  average  measurements  which  are 
within  one  standard  deviation  of  the  entire  ensemble  for  a  particular  trial.  Aa  is  the  relative  standard 
deviation  for  the  population  of  measurements.  Table  II  presents  a  summary  of  these  results.  It  shows 
reasonably  good  agreement  between  the  Instruments  in  nearly  all  cases.  The  exceptions  to  good  agreement 
are  found  when  the  uncertainties  are  large  or  sample  time  intervals  do  not  overlap. 

TABLE  II 

COIPARISON  OF  TIME  AVEEACEO  a  VALUES  FOR  PHOSPHORUS 


TRIAL 

NUMBER 

REUTIVE 

HUMIDITY 

(X) 

<a(PSI  1)> 
m^/ga 

<a(FSI  2)> 
■^/g» 

<a(PSA)> 

■*/g» 

<a  (PSI  2)> 
^  2 
»  /go 

<a  (PSA)> 
^/g- 

<0kj.(QCM)> 

«*/g« 

{<a  >) 
«*/g» 

+60(1) 

■*/gm 

16 

100 

0.86 

1.117 

1.002 

1.14 

2.0^ 

0.B7 

0.93 

10.6 

21 

93 

0.97 

0.75 

0.8501 

0.46* 

1.607* 

0.8342 

0.85 

10.6 

7 

83 

0.80^ 

0.57 

0.42 

NO 

SPT 

DATA 

0.53 

17.6 

18 

81 

0.63  , 
(0.82)-’ 

0.78  , 
(0.68)-’ 

0.84 

0.33* 

1.05 

0.54 

0.77 

25.7 

33 

72 

0.69 

0.62 

0.384 

HO 

SFT 

DATA 

0.56 

28.5 

30 

71 

0.66 

0.63 

0.7M 

0.38* 

0.74 

3.36* 

0.70 

10.1 

24 

65 

0.63 

0.63 

0.74 

0.3* 

0.064 

0.66 

9.5 

2S 

61 

0.596 

0.62 

0.45 

0.31*** 

0.31*’* 

0.58* 

0.56  , 
(0.41)^ 

13.52 

(39.)' 

32 

58 

0.56 

0.60 

0.55 

0.24*-* 

0.17*’* 

0.37*’* 

0.57 

(0.26)' 

4.6 

(39.)' 

1,  These 

data  deleted 

fron  ensemble 

average. 

2.  a  computed  separately  from  a_ 

3.  Obtained  early  in  trial. 

4.0  WAVELENGTH  DEPENDENCE  OF  MASS  EXTINCTION  COEFFICIENT 

In  this  section,  the  wavelength  dependence  of  the  mass  extinction  coefficient  is  examined  and 
a  method  is  devised  to  estimate  the  minimum  uncertainty  in  the  estimate  value. 

A  convenient  method  for  examining  the  wavelength  dependence  uses  only  the  spectral  transmiss- 
ometer  data.  It  can  be  shown  that  over  "reasonably"  short  time  intervals  where  it  can  be  assumed  that 
the  same  path  is  observed  for  wavelengths  A  and  A^^  the  following  approximation  will  apply: 
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♦ 


<  a(A)  > 


T 


lnT(X)dt 


T 


I 


lnT(Xj^)dt 


(15) 


Within  the  limitation  Indicated  In  section  2.1,  It  will  be  assumed  that  the  30  second  sample  time  used  by 
the  spectral  transmlssometer  In  the  Instrtunentatlon  cluster  is  "reasonably  short".  The  left  hand  side  of 
equation  15  will  be  called  the  relative  mass  extinction  coefficient,  because  of  similar  use  in 

past  tests,  will  be  chosen  as  3.4  micrometers,  i.e. 


a,(X) 


<a(X)> 

<a(3.4)> 


(16) 


In  order  to  express  absolute  time-averaged  extinction  coefficient  values  at  wavelengths  other  than  3.4 
Vim, It  la  necessary  only  to  measure  <  oi(3.4)>,  which  has  been  computed  In  detail  for  many  of  the 
obscurants  In  Smoke  Week  III,  and  multiply  by  oijj(X). 

Before  proceeding  with  a  detailed  examination  of  Ctj^(X)  for  a  number  of  different  obscurant:*,  a 
method  for  estimating  the  uncertainty  in  Oj^,  is  presented  which  will  allow  some  Insight  into  the 

"quality"  of  the  measurement.  The  variation  of  any  function  f(x^)  where  Xj,  represents  the  "n" 
variables  Associated  with  f (x)  may  be  computed  from 

Af(Xi)  “  E  (17) 

^  1=1  ^’'i  ^ 

Applying  equation  17  to  ctj^(X)  in  equation  16  yields 


aj,(X) 


A<a(X)> 
<  a(3,4)> 


<  a(X)>  A<  0(3. 4)> 
<  a(3.4)>^ 


Using  equation  16,  the  relative  variation  in  a„,  leads  f:o 

K 


(13) 


„  A  <a(X)>  _  A<  ot(3.4)> 
oij^(X)  <a(X)>~  <oi(3.4)> 


If  it  is  assumed  that  <  a(X)>  is  uncorrelated  with  <  a(3.4)>,  then  the  root  mean  square  relative 
uncertainty  can  be  written  os 


Ao^ 

1  =  1- 

lA<a(X)>|  ^  .  1 

fA<a(3.4)>  \  ^ 

'=‘r 

- 

RMS 

\  <a(X)>|  1 

[  <a(3.4)>  1 

(20) 


n  the  transmittance  Is  written  as 


ln(T)  =  <  a(t)>  CL 
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then  the  RMS  uncertainty  In  the  time  averaged  valuea  of  a  can  be  written  aa 


(22) 


Generally,  the  time  Integral  uncetalnty  for  AC  Is  much  less  than  It  is  in  the  transmission.  Hence,  the 
uncertainty  in  C  will  be  Ignored  In  the  computation  presented  here  Cor  A<a>/<a>,  with  the  under¬ 
standing  that  the  computed  uncertainties  represent  minimum  values  of  uncetalnty  and  that  caaes  do  exit 
where  the  actual  uncertainty  In  the  estimate  can  be  much  larger.  With  this  understanding, 

A  <a>  '5®  approximated  as  ^ 


A<a> 


t 


J 


AS.  dt 

T 


InT  dt 


(23) 


AT/T  will  be  assumed  to  be  Independent  of  T  for  the  computed  values  reported  here.  AT/T  was  estimated 
by  averaging  the  transmittance  at  X  for  3U  second  (l.e.  30  transmittance  values)  In  clear  air  and  com¬ 
puting  the  standard  deviation  In  these  values.  Thasa  valuaa  ranged  from  about  0>2X  to  slightly  greater 
than  l.SZ. 

The  above  analysis  has  been  used  to  compute  and  Aa^^  for  the  following  wavelengths! 

1)  6.98  pm,  2)  7.28  urn,  3)  8.05  Urn,  4)  8.56  Mm,  5)  9.38  Mm,  and  6)  10.58  Mm.  10.58  Mm  Is  the  wave¬ 
length  In  the  measured  spectral  transmittance  closet  to  10. b  Mm,  which  Is  of  Interest  because  It  Is  a 
laser  wavelength.  The  remaining  wavelengths  correspond  to  maximum  and  minimum  values  in  the  mass  ex¬ 
tinction  wavelength  spectrum  for  laboratory  measured  values  of  red  phosphorus  smoke. ^ 

Figure  11  plots  the  values  of  as  a  function  of  1  for  the  4  sets  of  spectral  tiansmlssometer 
data  obtained  for  trail  16.  The  KH  for  this  trial  was  lOOX  and  the  munition  source,  was  a  set  of  XMB25 
WV  wedges.  The  relative  time  sequence  of  ttie  data  sets  Is  labuled  1-4.  Those  points  with  no  Indicated 
uncertainty  range  have  valuesthat  are  leas  than  or  equal  to  the  symbol  slsc  locating  the  data  point. 
Figure  13  clearly  Indicated  significant  changes  InWus  trial  time  Increases,  ^hls  is  Indicative  of  a 
nonstationary  mean  value.  The  general  trend  lor  the  phosphorus  trials  is  fur  to  be  Initially  large, 
reduce  to  a  smaller  value,  and  stublllzc. 

Figure  14  pluls  ct,,  as  a  functlun  of  wavelength  for  une  sample  set  each  of  trials  21  and  24, 

K 

The  RH  for  trial  21  Is  SJl  whll  •  that  for  trial  24  Is  651.  Tlie  effect  Is  stanllng  bul  cons  I  sionl  with 

ruNulls  ubtiilni'd  in  the  l|3b  test.  Tliosu  results  which  showed  that  hulow  rougiilv  lit  RH,  llie  Integrated 
152extlm.t  loll  ciief  flclent  for  the  8-12  micrometer  band  should  be  greater  than  tbil  at  3.4  lim,  For  tin 
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A-16 

uxiUnltuHl  vl;i  u  that  tin'  iiii-llioil  of  dlssumlnatlon  can  have  a  aiKnffieanL  olfact  on 

K 

llu'  inat^ii  1 1 lull  ul  u  .  li  nlotw  't,,  for  a  data  set  from  trial  24  and  trial  21,  Thrao  1"  Xainl  bulk- 

11  K 

flllud  VfP  rounds  woru  used  In  trial  24.  Trial  23  used  two  rounds  of  XM825  WP  wedges.  Trial  24  was 
conducted  at  6S%  RH,  trial  25  at  61%  KH.  The  data  sets  were  chosen  as  those  having  the  least  uncertainty 
In  Figure  15  shows  that  for  the  bulk-filled  round  (trlol  24)  is  slightly  larger  than  for  the 
Wedge- filled  round. 


WAVIIINOTM  (MICIOMIIIIt) 


Figure  15.  Comparison  of  relative  mass  extinction  coefficient 

for  phosphorus  using  two  different  methods  of  dlBsemlnatlon, 

has  been  computed  for  a  number  of  other  kinds  of  obscurants  observed  during  Smoke  Week  Ill. 
Examples  of  these  data  are  plotted  in  Figures  16  and  17  for  fog  oil  and  HC.  Figure  16  shows  that  Oj^ 
even  for  fog  oil  smokes  may  be  strongly  dependent  on  the  generator.  In  these  data  the  M3A3  generator 
was  not  In  stable  operation  and  produced  a  cloud  which  had  relatively  large  numbers  of  fog  oil  droplets. 
In  this  way,  the  extinction  coefficient  In  the  6-12  mlcromefjsr  range  could  be  made  quite  large  as 
compared  to  that  for  the  VEESS  generator,  which  produced  few  oil  droplets  after  stabilised  operation. 
Figure  17  shows  that  HC  yields  an  extinction  coefficient  which  Is  comparable  to  that  for  phoaphorus 
for  relative  Immldltles  less  than  70%.  The  large  uncertainties  In  these  data  arise  from  the  relatively 
pour  extinction  by  these  nmokes,  a„  has  also  been  computed  for  the  broadband  IR  screeners  examined 
during  Smoke  Week  ill.  These  data  are  classified  and  presented  elsewhere.** 
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Figutv  16.  Comperiaon  of  ralatlvo  masa  extinction 

coefficient  for  fog  oil  for  two  different  generators, 

(notei  trial  B  corresponds  to  unstable  generator  operation 
trial  13  corresponds  to  normal  generaior  operation). 
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Figure  17,  Relative  mass  extinction  coefficient  as  a  function  of 

wavelength  for  hexachloroethane. 


5.0  SUMMARY  AND  CONCLUSIONS 

Many  data  obtained  from  the  cluster  of  instruments  operated  during  the  Smoke  Week  III  trials 

3 

have  been  found  tfo  be  internally  consistent  and  consistent  with  data  obtained  during  the  H  S  trials. 
However,  because  of  the  Increased  Instrumentation  capability  available  with  the  instrumentation  cluster, 
considerable  insight  has  been  gained  into  the  range  of  values  which  can  be  generated  through  the  use  of 
different  kinds  of  instruments  to  sample  the  same  cloud.  Furthermore,  because  much  of  the  instrumentation 
provided  time  resolved  measurements,  new  information  has  been  obtained  which  will  provide  a  greater 
understanding  of  the  dynamic  properties  of  obscuration  clouds. 

Mass  extinction  coefficients  were  computed  using  particle  size  distribution  data  and  the  same 
assumptions  used  to  compute  a.  These  data, like  those  for  a, also  show  a  time  dependent  character. 
Variations  in  a  as  determined  by  various  instruments  are  not  nearly  as  large  as  those  observed  for  a. 

The  trial  average  values  measured  for  phosphorus  are  in  reasonable  agreement  with  those  measured  in  the 
H^S  test. 

a  values  for  3.4  micrometers  computed  for  phosphorus  smokes  from  the  particle  size  distributions 
were  compared  with  those  values  determined  from  time  averaged  concentration  and  short  path  transmittance 
mensurements.  Altogether,  6  independent  estimates  were  compared  for  this  study.  It  wan  usually 

necessary  to  remove  1  or  2  estimates  which  were  significantly  different  from  the  ensemble.  (This  is  not 
to  say  that  the  measurement  was  erroneous  —  only  that  it  was  not  consistent  with  the  time  averages  ob¬ 
tained  with  other  values.)  The  average  variation  in  the  ensemble  of  measurements  in  this  case  was  about 
13%  and  ranged  between  4.5  and  26%.  The  grentestdiscrepnncles  found  ir  the  a  values  computed  from  the 
size  distributions  and  the  concentration-transmittance  values  occurred  at  relative  humidities  below 
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about  707.. 

□Iffurunces  in  spatial  locations  of  two  or  moru  Inatconents  may  lead  to  errors  when  their  data 
are  used  to  compute  the  extinction  coefficient!  If  the  measurements  are  acquired  at  a  uniform  rate,  then 
Kourler  analysis  can  be  used  to  eliminate  or  reduce  the  error.  The  Fourier  temporal  spectrum  of  the 
extinction  coefficient  was  computed  using  the  short  path  transmittance  for  3.4  micrometers  and  the 
quartz  crystal  mass  monitor  data.  I'he  results  of  this  analysis  show  a  broad  range  uf  values  of  n 
was  found  to  vary  algnlf  IcjAfil^MMa  only  over  the  entire  trial  time, but  slso  over  Intervals  as  short  as 
2  seconds.  Thu  value  obtained  for  a  was  found  to  depend  strongly  on  how  the  measurements  were  averaged 
in  time,  e.g,,the  arithmetic  time  average  was  usually  found  to  be  larger  than  the  rout-mean  square 
average.  The  length  of  the  time  record  waa  also  found  to  significantly  affect  the  time  average.  The 
longer  time  records  yielded  values  smaller  than  the  sliort  time  records.  This  result  suggests  that  a 
reason  for  past  field  methodology  yielding  values  significantly  different  than  thoae  measured  on  a  short 
time  basis  such  as  might  be  achieved  with  a  particle  sizing  system  la  .  that  a  is  a  function  of  time 
with  a  non-stationary  mean. 

This  method  of  data  analysis  was  also  found  useful  for  obscurants  produced  by  mechanical 
generators.  In  some  cases,  apparent  generator  effects  on  a  values  or  cloud  uniformity  were  apparent. 

The  short  path  transmlssometer  data  were  used  to  compute  the  variation  of  the  mass  extinction 
coefficient  as  a  function  of  wavelength  relative  to  that  for  3.4  micrometers.  These  results  also  show  a 

time  dependunci  of  the  extinction  coefficient  for  wavelengths  other  than  3.4  miernmeters, 

The  Rl)  dcpoiidence  for  XM823  WP  wedges  was  found  to  be  consistent  with  that  observed  in  tlie 

test  (u  in  the  8-12  pm  band  Is  smaller  than  3.4  pm  until  an  Rll  of  71*  Is  reached,  at  wliUh  point 
It  is  larger)  .  a  for  phosphorus  as  a  funi:tion  of  wavelength  was  also  found  to  bo  dependent,  on  the 
method  of  dispersal. 

a  for  fog  oil  and  HC  was  found  to  be  roughly  10-20%  that  of  WP  In  the  range  between  8  and  12 
nilurometers. 

A  method  for  e.stlmntlng  the  minimum  uncertainty  In  the  relative  extinction  coefficient  was 
developed.  This  imeert.ilnty  typically  was  found  to  run  about  10%  but.  some  values  were  grentur  than 
lIH!"!',,  Thin  metliod  provides  a  logical  iipiirunch  to  estimating  the  quality  of  the  measured  values, 
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ABSTRACT 

Absorption  to  extinction  ratios  for  experimental  countermeasure  "smokes''  and  soil-based  dust  lofted 
by  high  explosives  were  measured  at  lOpn  wavelengtha  during  the  testa  of  Smoke  Week  Ill  by  using 
specially  designed  field  spectrophonea.  These  ratios  permit  contrast  modeling  of  the  effects  on 
Electro-Optical  <E0)  systems  by  providing  accurate  proportions  of  total  absorption  and  scattering*  The 
spectrophones,  which  have  an  inherently  high  dynamic  range,  are  not  hampered  by  saturation  effects  and 
thus  provide  a  time  history  of  the  magnitude  of  the  absorption  within  tha  amoks  clouda  for  media  which 
absorb  at  lOpm.  The  magnitudes,  which  ranged  downwarde  from  about  10^  km*^,  and  the  fluctuatloncl 
propecLlea  are  described  In  this  paper. 


1.  INTRODUCTION 


Our  problem,  In  generel  terms,  la  the  affect  of  the  gnaesyaeroeole  of  the  tactical  battlefield, 
natural  and  countermeasure,  end  gaseous  and  particulate,  on  EO  systems*  When  the  objective  la  to  learn 
how  aerosol  clouds  disperse  for  the  formulation  or  validation  of  modnls  which  extend  prediction  of 
behavior  to  other  spatial  and  time  domain!  and  not  simply  for  the  binary  question  of  screening  effec¬ 
tiveness,  actual  and  accurate  magnltudee  of  the  aeroaol  parameters  are  required.  To  obtain  these 
quantltatlvQ  values  for  propagation  parameters  and  correlative  source  densities,  spatial  and  temporal 
resolution  (In  situ  measurements)  as  well  as  s  large  dynamic  range  are  raqulred*  Ideally  one  would  use 
a  remote  sensing,  raster  scanning  Ildar  with  high  spatial  rssolutlon  capable  of  uniquely  Identifying 
constituent  sixes,  danaltlea,  and  propagation  propartles.  Such  a  system  Is  clearly  In  the  future  and 
probably  will  require  multiple  wavelengths  and  posalbly  blstatlc  geometry* 


Transmlsaometera,  which  are  particularly  relevant  to  the  binary  question  of  screening  effectiveness, 
(assuming  relevant  spectral  reaponee)  are  not  nearly  at  well  suited  to  the  determlnst ton  of  magni¬ 
tudes*  The  ttsnsmlsslvlty ,  T,  msy  be  converted  through  Beer's  law  to  the  propagation  coefficients  which 
In  turn  are  closely  related  to  the  aerosol  deneltlee  and  thur  mass  loading*  Limitations  on  this 
procedure  are  several  and  depend  on  Integrated  path  length,  obscurant  cloud  depths,  and  Instrumental 
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accuracies.  Thu  latter  leads  to  a  Halted  credible  dynamic  range  In  T  (leas  Chan  one  order  of  magnitude 
(Myers,  I980j)  and  to  quite  a  variable  dynamic  range  In  the  pro;>agntton  coefficients.  To  summarize,  for 
short  obscurant  cioud  depths,  low  coefficients  are  not  measu 'eablc .  Tor  example  at  10'^  km,  by  the 
above  crlturlon,  the  extinction  coefficient  which  could  he  me.  .uee <  w  i  ild  start  at  >  10  km”^.  For 
longer  obscurant  cloud  depths,  for  example,  greater  Chan  ld~  '■  ,  the  dyn.imlc  range  la  much  too  imall  to 
encompass  realistic  obscurant  magnteudaa,  that  la,  1  to  >  100  km"^.  Further,  If  the  spatial  profile  of 
the  source  density  la  not  well-known  through  other  (multiple)  neasurenents,  that  error  in  the  exponent 
will  yield  relatively  large  errors  in  the  determination  of  the  propagation  coefficient!.  Finally, 
optical  turbulence  and  amblant  fluctuations  In  the  extinction  over  the  entire  optical  pathlength  may 
degrade  data  aevsrely  while  temporal  imoothlng  muat  bo  limited  for  dynamic  events, 

Spectrophonea  and  particle  counters  as  a  correlative  pair  offer  a  currantly  available  alterna¬ 
tive-  The  meaeurement  of  each  la  related  to  the  aaroiol  mesa  loading,  Speetrophonaa  measure  a  quantity 
which  la  proportional  to  the  absorption  coafflclant  and 
a>  are  In  situ,  rual-tlme  naaauraoenta 

b<  are  point  samplers  . 

e.  have  very  high  dynamic  range 

df  may  lie  operated  at  Infrared  (IR)  window  wavalangths  with  existing  Users,  for  example, 
l-Obtm,  l-lpm,  3.4Mm,  3,5w  to  4,lwm,  9-2in  to  ll-3|jra,  and  near  mllllnater  wavtlengths- 

Point  roeaaurementa  of  the  aaroaol  might  be  performed  as  the  cloud  la  swept  by  the  wind  past  the 
Instrumentation  as  It  was  at  Smoke  111-  If  the  cloud  levelopa  slowly  relative  to  the  wlndspeed  at  the 
location  of  the  Inati'umentatlon ,  cloud  apatlsl  pro'  leu  for  the  direction  of  cloud  motion  can  be 
obtained  with  minimal  Instcumentation- 

The  integrated  field  spectrophones  of  this  paper  and  In  general  field  use  by  this  group  combine 
measurementa  of  the  abaorptlnn  coafficents  with  a  coincident  short  path  trantmlaaometer-  These  letter 
data  are  converted  to  extinction  coef ftclenta.  This  conversion  provides  the  components  uf  the  extinc¬ 
tion  coufftclent  needed  for  contrast  modeling,  that  li,  the  extinction,  the  absorption  coefficient,  end, 
by  subtraction,  thu  total  scattering  coefficient-  Thla  procedure  provides  a  much  atronger  determination 
of  the  components  than  is  posalble  with  techniques  employing  transmission  and  scattering  data. 
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Th<'  application  oE  spectrophoneB  to  Mroaola  requlrea  more  caution  than  for  gaaea  becauae  the  time 
required  for  the  energy  tranaEer  Erom  the  absorption  procesa  to  kinetic  er.ergy  In  the  gaseous  medlvuB  may 
be  relatlvelv  long,  thus  Interacting  with  optical  chopping  Erequenclea  and  also  causing  decreased  coupl¬ 
ing  to  acouatleal  nodes*  The  Elrat  order  efEecta  on  time  reaponse  depend  on  particle  radius,  absorption 
coeEElclents  Eor  the  bulk  material,  and  thermal  dlffualvltlea  oE  the  bulk  material  t>nd  the  atmosphere. 
Because  the  models  are  quite  complex,  those  choaan  represent  bounds  Eor  tha  problem,  Aerotoli  are 
studied  In  the  leboratory  to  verify  operating  parameters  that  accurataly  represent  the  abiorptlon  eoef- 
Elclenta, 

2.  SPECIFIC  APPLICATIONS 

Prior  to  eeroaol  applications,  spectrophonea  at  the  Atmospheric  Sciences  Lahoretory  (ASL>  were 
developed  and  applied  to  geaeoua  absorption  (for  example,  Bruce,  1973;  Bruce,  1976a),  Briefly,  our 
first  spectrophona  maesurements  were  Intended  to  Identify  ebsorptlon  coeftlclente  Eor  nntureily  occurlng 
and  trace  pollutant  gaaec  at  IR  window  wavelengths.  These  are  Hated  In  Table  1, 

TABLE  I,  SPECTROPHONE  MEASUREMENTS  OF 
ABSORBING  OASES  AT  IR  WINDOW  WAVELENGTHS 


(lum) 

(3pm  to  4um) 

(9pm  to  11pm) 

-.A 

* 

trace  gee 

HjO 

Os 

survey 

HDO* 

HHj* 

■k 

* 

DjO 

CH,,* 

HjO* 

sr^ 

Following  this  series  of  measurements,  concentrations  of  atmospheric  gaseous  const Ituenta  at  the 
White  Sandn  Missile  Range  remote  sites  were  measured  largely  using  these  absorption  spectra.  The  con¬ 
centrations  were  determined  by  a  self-consistency  analysis  based  on  the  uniqueness  and  sharpness  of  the 
molecular  spectra  (Samuels  at  al,  197S), 


•Reports  or  Journal  articles  exist  ur  are  being  prepared  Eor  these  gases 
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Next,  In  eltu  epectrophonca  were  applied  to  particulate  aeroaola,  the  first  such  published  applica¬ 
tions  (Bruce,  197bbi  Bruce  and  Plnnlck,  1977).  The  interest  was  primarily  battlefield  aerosols. 

Aerosols  subjected  to  ASL  enelronuei.tal  ehambet  measurements  to  date  are  (all  at  lum  to  1  Urn 
wavelengths  pUis  exceptions  noted) 

SIO^,  crystalline* 

Calclte* 

(NH,^)2S0^* 

Dust  of  soil  samples  from  Germany  and  various  Vihlta  Sands  Hlsslle  Range, 

New  Mexico,  sites  and  depths* 

Smoke  of  phosphorus  (red  phosphorus  (RP])  (1,06pm,  3pa  to  4pm, 
and  9pm  to  11 pm) 

Hexachloroethane  (HC)  smoke. 

The  speetrophone  systems  and  procadures  used  for  the  aerosol  studies  hava  bean  dascrlbad  In  various 
publications  (for  example,  Bruce,  1976ai  Bruce,  1976bi  Bruce  and  Plnnlck,  1977;  Bruce  et  al,  1978), 
Application  of  aerosol  speetrophonea  to  field  measuremanta  of  absorption  has  also  been  reported  by  the 
auChara  (Cmcc  et  al,  1900;,  Several  systeisu  have  been  dcilgnad  for  relatively  specific  applications. 

The  first  field  speetrophone  syatem  was  quite  elaborate  and  was  designed  to  survey  and  separate 
gaseous  and  particulate  absorption  In  the  atmosphere.  In  the  first  field  measursmants,  results  wore 
compared  with  those  calculated  on  the  basis  of  particle  counter  data  berapilng  errors  weru  Indicated  in 
windy  altuatlona  and  higher  than  expected  ambient  gaseous  absorptlur,  may  have  resulted  from  the  preaeuce 
of  operating  personnel. 

Fnllcwlng  this,  systems  wore  designed  specifically  to  study  battlefield  aerosols  In  situ  under  a 
wide  dynamic  range  of  maes  loadings.  Figure  1  la  a  schematic  of  such  a  system.  This  syatem  was 
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daslgned  for  meaaureiMnei  at  wvelangtha  katwaen  lO.Sini  and  IO.Bim  aad  Incorporatay  a  CO^  laaor  wltti 
line  atablllxatlen  by  optical  (aadback  throtigh  an  alactronic  aarvo  loop  controlllog  optical  cavity 
length.  Thla  syatem  will  atablllaa  on  any  of  about  }  to  7  laaer  lines  (once  an  oparar.lnnnl  equilibrium 
Is  established)  and  will  also  cycle  through  any  preaelacted  aoquenca  of  thaae  linos  (up  to  four), 
cenalnlng  on  each  Una  for  preaaleetai  parlada.  The  bau«  chopper  la  a  apaclat  unit  designed  by  Bulova 
and  la  nountad  In  an  acoustically  Isolated  call.  Plgura  1  alee  ahoM  the  betas  path  and  tha  aaroaol 
Intake  ball.  The  optical  gaoaiatry  ef  thla  latter  aactlen  la  dealgaed  te  ^intelia  dlaturbanea  of  the 
Intake  airflow.  Tha  apectrophana  houaaa  an  acouatlcally  laolalod  raaoiunt  (longitudinal  Taaonanca) 
Inner  cavity  with  tntagral  alcrophone  dlephraga  <lruca,  197ta;  Braea  at  alt  1976).  Windows  (BeFj)  aay 
be  ueed  In  both  ende  of  the  spectrephone  for  hakfug  aad  puaplng  cyelas  to  ellalnate  ayatea  related  trace 
absorption  and  alto  to  allow  calibration  with  nraalaed  high  purity  gaeaous  alxturea.  Figure  2  shows  a 
premeaaurenent  calibration  In  prwgraas  during  tha  aaaauraaanta  rakaa  at  US  Army  Mlaalla  Cooaand  (HtCON) 
(Bruca  at  al,  1981).  Callbratioa  checks  wart  also  Ferforaad  on  alta.  Ffgura  3  la  a  achenatle  of  tha 
technique  uaad  for  the  Saoka  Weak  III  aallbratlaa  and  aoaauraaaat  eyclaa  that  ware  ohtalnad  alnply  by 
tha  Indicated  twitching  procasst  that  la,  althar  forward  airflow  thvough  tha  Intaha  ball  or  haekflovr 
through  tha  ayatan  when  tha  calibration  alxtura  la  aalaetad.  Theta  taaultt  are  oeeaalonally  compared 
with  reaulta  of  tha  flll-froa-vteuuB  aathad  of  Figure  3. 


Figure  1.  Schaiiatlr  diagraa  af  lOwa  latagrated  tleld 
apactrophona  ayatan  Indloatlag  baars  paith. 
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Figure  2*  Calibration  checWout  ut  MICOM  (July  1980) 
prior  to  field  laeaiurements . 


Figure  3*  Schematic  repreeentatlon  of  field  callbiation  procedure* 

Figure  A  shows  the  meaeurement  system  at  Smoke  Til.  A  spectrophone  and  various  particle  counters 
and  nephelorae ters  were  mounted  on  the  upper  level  at  about  2.6  m  above  ground  level,  Atiocher  spec- 
trophone  was  mounted  about  1.2  ra  above  the  ground  level  (to  the  right  of  the  photo). 

Spectrophone  data  were  limited  to  the  lOym  window  for  these  naeasureraents •  In  this  regioUi  HC  and 
diesel  oil,  tor  example,  were  known  to  he  very  weakly  nbnorblng.  Therefore*  significant  absorption  was 
expected  only  for  the  smoke  of  phoapharua,  the  experimental  smokes,  and  soil-based  dust,  If  any. 

Several  general  observations  may  be  made  concerning  a  comparison  of  the  Smoke  111  data  from  the 
spectrophones  at  the  1.2-  and  2*6-tn  levels.  The  apeetrophone  calibrations  were  performed  separately  and 
were  not  subsequently  adjusted  in  any  way.  However,  In  every  available  case,  the  two  peak  absorption 

coefficients  were  quite  close.  The  remainder  of  the  profiles  show  more  variable  agreement  although 
in . 
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each  case  most  features  are  similar.  Figure  5  shows  typical  examples  of  results  for  the  smoke  of 
phosphorus  and  for  experimental  smoke.  The  temporal  correlation  Is  quite  good  despite  the  separation 
and  difference  In  height.  Temporal  correlation  of  the  spectrophone  and  counter  data  will  be  presented 
in  papers  by  Plnnlck  (1981)  and  Garvey  (1981).  Generally,  agreement  here  is  also  fairly  close.  However, 
attempts  to  correlate  these  data  with  those  of  the  ASL  10pm  X  transmlssometers  (Butterfield,  1981)  are 
less  successful.  Figure  6  shows  examples  of  these  attempts.  The  examples  have  been  divided  into  two 
groups:  those  that  correlate  well  temporally,  and  those  that  do  not.  In  the  latter  category  are 

examples  for  which  the  time  span  of  the  attenuation  is  the  only  point  at  which  the  agreement  is  even 
nearly  approximate.  Agreement  In  magnitudes  Is  expected  to  occur  for  the  smoke  of  phosphorus  only, 
‘since.  In  this  case,  at  10pm  \  ,  the  extinction  and  absorption  coefficients  are  very  close  (Bruce  et  al, 
1980).  In  any  case,  the  extlnctioi.  coefficients  should  be  greater  than  the  absorption  coefficients. 

• 

The  log  of  the  measured  quantity  is  actually  -  J'  e(x)dx  Integrated  across  the  extent  of  the  aerosol 
cloud  along  the  line  of  sight  for  the  transralssometer .  Since  there  is  Insufficient  data  to  evaluate 
this  quantity  for  the  appropriate  dimension,  the  approximation  <e>  L  could  be  substituted.  This  approx¬ 
imation  can,  of  course,  be  expected  to  be  significantly  In  error  for  comparison  of  actual  magnitudes  at 
points  within  the  cloud.  The  values  of  the  outer  scale  on  the  ordinate  for  each  graph  of  figure  6 
represent  this  Integral  and  are  scaled  for  maximum  correlation  with  the  spectrophone  results.  The 
effective  cloud  depth  apparently  varies  significantly  (  t.  cloud  of  the  order  of  0.1  to  0.2  km  Is 
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Figure  6.  Superlmpoied  log  of  tranenlsiometar  {/e{x)dx,  unltleia) 
end  ipectrophone  (a,  kra"*)  neasuremente  aa  funcclona  of  time  lor  aeveral 
Smoke  Week  III  taata.  Suh'-tance»  are  Identified  In  tables  III  and  IV. 
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typical).  For  reasona  that  ara  not  clear,  theae  valaea  are  generally  high.  An  extinction  neaaarencnt 
which  doea  not  have  the  above  mentlo.kcd  problem  of  uncertain  effective  cloud  depth  la  llluatrated  In 
figure  7  where  plota  for  the  upper  and  lower  apectruphone  and  the  extinction  meaaured  within  the  same 
system  are  shown.  The  three  results  are  In  fairly  close  agreement.  Of  course,  the  extinction  values 
become  much  less  accurate  as  ths  extinction  coefficient  decraaaaa  to  lower  values.  The  useful  threshold 
here  la  about  20  which  la  relatively  low  bacausa  the  ayatem  Is  nearly  closad  and  optical  noise 
(for  example,  that  dua  to  turbulence  and  trradlance)  Is  minimal  and  the  duration  of  tha  signal  Is  brief 
so  that  baseline  power  drift  la  also  minimal.  Note  that  although  the  absorption  and  extinction  coe(<* 
flelents  may  vary  greatly  with  time,  the  particle  slse  distribution  Is  unlikely  to  fluctuate  signifi¬ 
cantly  j  therefore,  the  ratio  of  the  absorption  to  extinction  coefficients  will  be  nearly  constant,  This 
means  that  the  ratio  can  be  taken  at  high  magnitudes  of  tha  extinction  coefficients  (when  such  occur), 
and  the  ramalnder  of  the  profile  la  not  needed.  This  measurement  was  obtained  for  two  exparlmental 
smokas,  IR  1  and  2,  and  soil-based  dust.  Table  tl  shows  tha  ratios  for  these  taste  and  for  Gglln  soil- 
based  dust  from  another  test. 
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Figure  7.  Extinction  (upper  spectrophone)  and  abaot‘pti.on  coefficients 
(upper  and  lower  spectrophones)  as  functions  of  time 
for  Smoke  Week  III  test  number  31  (IR  2). 


TABLE  tl.  RATIO  OF  ABSORPTION  TO  EXTINCTION  COEFFICIENTS 
FOR  THREE  AEROSOLS  OF  SMOKE  WEEK  III 


Substance 


Expectation 
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Data  for  thase  teaca  are  ausaarlaed  In  Tables  III  and  IV.  The  snoko  of  phosphorus  was  expected  to 
be  quite  effective  for  10pm  X  screening  which  la  indicated  from  these  field  measurements.  The  particles 
are  small  (easily  lofted  and  buoyant),  have  fairly  high  mass  absorption  coefficients,  scatter  a  very 
small  proportion  at  lOum  X  (about  4X),  and  are  relatively  easy  to  disperse.  The  ratio  a/ c  Is  just  about 
reversed  fur  WP  and  HP  smokes  In  tha  visible  whore  scattering  predominates  (reducing  contrast  though 
weakly  absorbing).  Table  IV  shows  aiaoka  density  as  measured  on  tha  Instrumentation  pad  to  be  quite 
variable  from  cloud  to  cloud.  A  large  part  of  this  variability  results  from  the  fact  that  the  aerosol 
clouds  did  not  necessarily  Intersect  the  instrumentation  pad,  due  elthsr  to  lifting  or  changes  In  wind 
direction.  At  loast  U  (of  42)  test  cases  were  observably  In  this  eatagory.  tlesulta  for  smokea  other 
than  that  of  phosphorus  are  lucludedi  for  example,  PEG  200  Indicates  a  quite  low  peak  absorption  for  the 
single  test  for  which  we  had  valid  data.  The  alkali  chloride  tests  yielded  very  low  lOpm  absorption 
coefficients  despite  ths  high  relative  humidity. 

The  dynamic  range  of  the  spectrophonea  Is  not  challenged  by  the  magnitudes  encountered  In  these 
testa  (having  bean  used  to  measure  absorption  coefficients  from  less  than  10~^  to  more  than  10^  km"^) 
and  the  values  of  absorption  eoafflolent  for  these  tests  are  expected  to  be  quite  accurate  with  regard 
to  peak  magnitudes  (within  til  percent)  and  to  be  linear  to  within  tha  aama  figure. 
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TABLE  III.  SUMMARYi  DATA  FOR  TESTS  INVOLVING  IR  1,  2,  3 


Date 

(Aug  1980) 

Official 

Teat 

Number 

Value  for 
Abiorptlon  to 
Extinction 

IR  Coefficient 

Number  Host  Ratio  (a/e) 

PM3 

Particle 

Counter 

Data? 

Peak 

Absorption 

Coefficient 

Upper /Lower 
Spectrophone, 
Nephelomoter 

Plot(») 

11 

6 

1  Fog  Oil 

Yes 

1 L  km" ' 

Upper 

a 

12 

10 

3 

No 

4.7,  8.8 

Upper 

12 

a 

1  0.20 

No 

19  kn“' 

Upper 

a 

14 

14 

2 

Yai 

73  km"i 

Upper 

a 

13 

20 

2  0. 34 

Of 

Yai 

13,  S2 

Upper/ 

Lower 

a 

16 

26 

2 

Yes 

45 

Upper/ 

Lower 

a 

18 

27 

2 

No 

0.27  ka"' 

Nephe- 

lonatsr 

19 

31 

2  0.39 

No 

58 

Upper/ 

Lower 

Cii  G 

20 

3S 

2 

No 

<0.02  ka"* 

Nephe- 

lomtter 

21 

38 

1  0.24 

Ysf 

Upper 

21 

39 

2 

Yes 

>1.7  km‘> 

<3  km‘^ 

Nephe- 

loneter 

Upper 

21 

40 

2 

Yes 

0.05  km"‘ 

Nephe- 

loraeter 

21 

41 

1  Fog  on 

No 

3.9  ka  ‘ 

Upper 

21 

42 

2 

Yes 

<3 

Upper 
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TABLE  IV. 

SUMMARY!  DATA 

FOR  REMAINING  OBSCURANTS 

Date 

(Aug  1980) 

Official 

Test 

Number 

Obacurant 

PMS 

Particle 

Counter 

Data? 

Peak 

Abeorptlon 

Coefficient 

Upper/Lower 

Spectrophone, 

Nepholometer 

Plot(a) 

11 

1 

RF 

No 

>1.7 

<3 

Nepheloroetar 

Upper 

11 

5 

FBO  200 

Yea 

>1.7 

<A 

Nephelometer 

Upper 

12 

7 

PWP 

No 

>1.7 

<2 

Nephelometer 

Upper 

13 

12 

VEESS 

Yaa 

2.97  km"* 

Upper 

U 

15 

PEG  200 

Yea 

9 

Upper 

a 

U 

15 

PEG  200 

Yea 

9 

Upper 

a 

15 

16 

WP 

No 

Mo 

15 

18 

HN 

Yea 

50 

Upper/ 

Lower 

a 

16 

21 

WP 

Yaa 

No 

16 

23 

RP 

Yea 

0.09 

Nephelometer 

16 

2A 

PWP 

Yta 

26 

Upper/ 

Lower 

16 

25 

WP 

Y«a 

10 

Upper 

18 

28 

HE 

No 

17.6 

Upper 

18 

29 

Vehicular 

Duit 

No 

<0.1 

No 

18 

30 

RP 

Yea 

100 

Upper/ 

Lower 

a 

19 

32 

WP 

Yea 

31.7* 

No 

a 

19 

33 

WP 

Yea 

>1.7 

<5 

Nephelometer 

Upper 

a 

19 

3A 

Alkali 

Chloride 

No 

<3 

Upper 

20 

36 

Alkali 

Chloride 

Yea 

>1.7 

<5 

Upper 

20 

37 

HE 

Duat 

Yea 

0.85 

Nephelometer 

*Abiorptlon 

■  pike  (at 

■tart)  includea 

duat  from  detonation. 
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IN  SITU  MEASUREMENTS  OF  PHOSPHORUS  SNOKBS  DURING  SMOKE  WEEK  HI 


D.  M>  Garvey,*  G>  Fernandec,  C<  W-  Bruce,  and  R,  G.  Plnnlck 
US  Army  Atraoapherlc  Sciences  Laboratory 
White  Sanda  Ntaslle  Range,  New  Mexico  B8002 

ABSTRACT 

The  tamporal  variations  in  tha  alaa  distributions  of  phosphorus  snokas  gsnarstsd  by  a  nunbsr  of 
tachnlquai  during  Smoka  Weak  lit  wara  maaaurad  using  a  eonblnatlon  of  optical  partlola  oountars 
laanufacturad  by  Fartlcla  Haaaurlng  Systana  (PMS),  Slaultanaoua  aaaaurananta  of  tha  absorption 
coefficient  at  10,6pD  ware  nade  using  a  CO2  laser  spactrophona,  Ralatlva  hunldltlas  during  tha  sample 
^  psrlod  varied  from  SB  to  93  parcant)  peak  mass  loadings  Infarrad  from  tha  measured  slsa  distributions 
ranged  from  0.02S  to  0,23  g/m^.  Mass  loadings  grmstar  than  0,1  g/m^  wara  found  only  during  tha  first 
minute  of  ubout  half  tha  taste,  and  there  waa  avidanca  that  tha  suhmloron  partlola  eounears  vara 
saturated  during  these  times,  Oanarally  both  the  number  ooncantratlon  and  msan  particle  radius 
daerassad  thareaftar.  For  teats  In  which  the  peak  measured  mass  loading  was  loss  than  0,0S  g/m^,  else 
distributions  remained  relatively  constant  and  wara  similar  to  those  found  during  the  latter  part  of  the 
*  teats  with  Initially  high  mass  leadings,  namely,  a  principal  mode  at  r  <  O.lym  and  a  secondary  mode  at 
r  n  2um,  Time  correlation  of  calculated  mass  loadlttg*  with  the  spactrophona  msasuramants  was  generally 
good  and  Indlcatad  a  mass  absorption  coefficient  of  tha  order  of  0,3  m*/g,  though  this  value  varied 
significantly  from  test  to  teat. 


1.  INTRODUCTION 

The  amount  of  water  absorption  by  hygroscopic  smokes  as  a  function  of  ralatlva  humidity  can  ba 
predicted  from  empirical  end  theoretical  considerations  (Hknal,  1976)  Fltsgarald,  1975),  and  tha  growth 
of  phosphorus  smoke  partlolas.  In  particular,  has  bean  modeled  by  Frlokul  at  al  (1979),  Hknal  (1978), 
and  Tarnove  (1980),  among  others.  Attempts  to  verify  thaee  growth  models,  particularly  In  field 
axperlmenta  (Fermar  at  al,  1980),  have  been  hsmperad  by  a  number  of  factors.  Including  differences  In 
tha  smoke  ganaratlon  procadurss,  The  principal  obstacle,  however,  appears  to  be  tha  lack  of  a  fast 
response  particle  maasurlng  systsm  which  can  consistently  and  accurately  slsa  particles  of  radii  from 
i.O.OSiira  to  lOym  In  the  vary  high  concentrations  (>10*  cm”^)  characteristic  of  military  smoke  clouds. 


To  meet  this  need,  we  have  assembled  a  systam  of  three  Fartlcla  Measuring  Systems  (PHS)  optical 
particle  counters.  Including  the  ASASP-X  and  ths  CSASP-100.  These  probaa  and  thalr  calibrations  have 
been  described  by  Garvey  et  al  (1980)  and  Plnnlck  at  al  (1979),  During  Smoka  Week  III,  this  systam  of 
probes  was  used  to  measure  tha  phosphorus  smokes  generated  by  a  number  of  tachnlquas.  They  wars 
situated  2,5  m  above  the  ground  In  close  proximity  to  a  CO2  laser  spectrophone  oparntsd  at  10,6pm  (see 
Bruce  «t  al,  1981),  The  ranges  of  the  probes  were  set  so  that  particles  from  0,1pm  to  lOpro  In  radius 
were  slsed  and  counted. 


^National  Research  Council  Senior  Research  Associate  on  ’eava  from  Department  of  Atmospheric  Science, 
Colorado  State  University,  Fort  Collins,  CO. 
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Tha  principal  objactlvaa  of  the  alaa  dlatrlbutlon  maaiuraaanta  warai 

a-  To  determine  the  functional  dependence  of  the  particle  alzea  on  time; 

bi  To  datamlni  tha  functional  depondanco  of  tha  partlcla  alaaa  on  ralatlva  humidity; 

c>  To  obtain  an  analytic  axpraaaton  which  accurately  paranetarlaaa  tha  particle  concantratlona  and 

alaaa< 

Tha  itnultanaouf  abaorptlon  Maaurananta  aada  with  tha  ipaetrophona  wara  uaad  togathar  with  tha 
optical  partlcla  eountar  raaulta  to  yield  axperlnentally  determined  masa  abaorptlon  coafflclanta  at 
10i6pa>  Since  tha  extinction  at  10. Spa  la  known  to  be  abaorptlon  dominated,  thaaa  valuaa  can  be  uaed  to 
provide  raaaotiabla  aatlmataa  of  tha  maaa  axtinotlon  coafflclanta  (Plnnlck  and  Jannlnga,  1980). 

2.  SIZE  DISTRIBUTION  MEASUREMENTS 

Slaa  dlatrlbutlona  of  phoaphorua  emokaa  aa  a  function  of  tlma  wara  maaaurad  during  raven  trlala  of 
Smoke  Weak  III,  Tha  alaa  dlatrlbutlona  (dN/dr)  obtalnad  by  tha  three  probat  at  a  tlma  olota  to  that  of 
maximum  concentration  for  each  trial  ara  ahown  In  flgurat  1  through  7.  Tha  dlacrapancy  among  the  thraa 
probaa  la  dlaturblng,  particularly  alnca  tha  Inatrumanta  wara  found  to  eallbratt  properly  with 
polyatyrana  apheraa  prior  to  tha  atart  of  the  taata.  Alao  evident  from  thaaa  flguraa  la  the 
deterioration  In  the  reapenae  of  probe  B  during  tha  courae  of  tha  taate,  A  feature  which  both  probaa  A 
and  B  ahuw  In  trlala  18  and  30  (flguraa  1  and  3)—an  apparent  peak  In  tha  dlatrlbutlon  for  0,3i‘a  <  r  < 
0.7pn — haa  been  found  In  laboratory  taata  with  probe  A  to  be  an  artifact  cauaed  by  high  concantratlona 
of  large  partlclea  aaturatlng  the  probe  ampllflar-  In  flguraa  3,  4,  6,  and  7,  a  mode  (a  plateau  In  the 
dlatrlbutlon)  at  r  a.  Z.Oum  la  evident,  Thlw  faatiira  alao  appaara  latar  during  tha  other  trlala,  aa  can 
be  aaen  In  figure  8,  which  ahowa  tha  probe  raaponaaa  during  trial  21,  about  3  mlnutea  latar  then  thoae 
ahown  In  figure  2,  It  haa  not  been  determined  whathar  thla  mode  la  real  or  an  artifact  of  tha  reaponaa 
curve  of  probe  C, 

In  the  enelyala  preaanted  hare,  It  la  aaaumad  that  probe  C  accurately  eounte  and  aleaa  tha  partlclea 
with  radii  greeter  than  lum>  If  It  la  further  aaeumad  that  the  concentration  of  aubmleron  partlclea  la 
not  algnlflcantly  greater  than  that  Implied  by  tha  peak  concentration  moeeurad  by  probe  A,  then 
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undarcountlng  of  tha  aubmlcron  parclclei  doaa  not  lead  to  aarloua  errora  In  our  aatlnata  of  an 
Integrated  quantity  auch  aa  laaast  However,  undarcountlng  of  the  aubmlcron  partlclea  can  lead  to  large 
errora  In  average  quantltlea  auch  aa  the  loean  voluae  radlua> 

A  aunoary  of  tho  reaulta  frnn  all  of  the  trlala  la  glvan  In  table  !• 

3.  TIME  EVOLUTION  OF  THE  PARTICLE  SIZE  DISTRIBUTIONS 

Wa  naka  three  aaauaptlona  eonoernlng  the  Intaraetlon  of  the  phoaphorua  amoke  with  the  mblant 
atnoaph'irai 

ai  The  wind  la  relatival"  ateady  In  both  speed  and  direction  ao  that  the  ventilation  and  dlaperalon 
ratea  are  conatant> 

b>  Tha  smoke  partlclea  aaaume  their  equilibrium  ataaa  In  times  short  compared  to  the  traval  time 
from  source  to  aenaora> 

e.  The  phoaphorua  la  miaad  with  air  In  auftlclantly  low  concantratlona  ao  that  tha  local  humidity 
li  not  algnlflcantly  reducedi  For  tha  high  ambient  tamparaturea  of  Smoka  Weak  III,  this  ataumptlon  Is 
quite  good,  but  this  may  not  be  true  In  colder  anvlronmanta.  Using  Tarnova's  (1980)  valusa  for  tha 
aqulllbrlum  ooncantratlon  of  U^PO^  aa  a  function  of  ralatlva  humidity  and  aatualng  nu  mixing  of  wutar 
vapor  from  the  amoke-frne  air  Into  Che  plume,  we  have  calculated  tha  local  relative  humidity  aa  a 
function  at  the  maae  concentration  of  phoaphorue,  the  ambient  temperature,  and  tha  ambient  relative 
humidity.  Tha  roeulta  shown  In  figure  V  Indicate  that  for  temperatures  us  low  as  30*K  and  for 
phoaphorua  maaa  concantratlona  at  high  as  Ig/kg  of  air,  tha  reduction  In  tha  relative  humidity  can  be 
very  pronounced.  Two  factors  which  would  mitigate  this  result  era  mixing  of  water  vapor  from  tha 
amoka-free  air  and  production  of  water  vapor  In  Che  source  combustion  procata. 

With  these  assumptions,  tha  evolution  of  the  particle  elaee  aa  maaaurad  at  a  point  removed  from  the 
smoke  source  should  depend  primarily  on  the  degree  of  coagulation  among  the  partlclea.  If  tha  output 
rate  of  tha  amoke  source  remains  constant,  than  tha  amount  of  coagulation,  If  any,  also  remains 
constant,  and  Che  particle  alee  distribution  should  not  change  with  time.  If  the  output  rate  of  the 
amoke  aource  decreaeas  with  time,  aay  cxponenClally ,  than  the  degree  of  coagulation,  If  Initially 
algnlficanl,  alao  decreaaea  and  the  average  particle  else  should  decrease  with  elms. 
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Th«  evolucton  of  thi  portlcla  alta  dlatrlbuttora  aa  nwaaurad  by  the  PMS  prnbea  la  conalatenC  wUh 
theae  expectaelona>  Figuraa  10  through  16  ahow  the  maaa  concantratlona  of  the  phosphorus  siuolcea  as 
determined  from  probes  A  and  C  for  the  seven  phosphorus  smoke  trials.  These  figures  alio  show  valuaa  of 
tha  mam  volume  radii  aa  a  function  or  time.  Tha  maia  concentrations  ware  calculated  from  the  probe 
raaponia  assuming  that  tha  partlclas  wars  spherical  and  had  a  danalty  (p)  datarmlnad  from  tha  ralatlva 
humidity  using  tha  raaults  of  Riinal  (1978)  (tabla  1).  Tha  rangaa  of  tha  Individual  probes  used  In  the 
calculation  of  tha  naan  voluma  radii  warai 

Probe  A  Oilipn  <  r  <  0.42pn 

Proba  B  0.42pn  <  r  <  0.7Spn 

Probe  C  0>7Spn  <  r  <  lOpn 

Tha  aasa  loading  (M)  and  tha  particle  concentration  (Np)  are  ralatad  through  tha  mean  volume  radius 


II  r 


nv 


(1) 


Aa  might  ba  Inferred  from  figures  1  through  7,  the  partlelaa  counted  by  proba  C  generally  dominate 
tha  maaa  ealoulatlona<  Tha  temporal  correlation  among  the  probes  la  vary  good  in  all  oasen  whara  tha 
maeeured  maaa  li  elgnlflcent.  The  absolute  valuaa  of  r^^y  are  In  error  because  of  our  Incomplata 
counting  of  tha  wubmleron  partlclaat  but  to  tha  extent  that  Np  la  dominated  by  probe  A,  and  M  by  probe 
C|  tha  relative  valuee  of  r^y  were  eonalatently  determined  from  teat  to  teat. 

Five  of  the  taite  ihow  an  exponential  decay  In  tha  maaa  eoncantratton  with  tine  (figuraa  10,  11,  12, 
14,  and  16).  Tha  two  taste  In  whlr.li  the  sourea  la  Indicated  aa  WP  wadge  (trials  2.1  and  32)  ahow  long 
ptrloda  of  relatively  constant  mass  loadinga  (figures  13  and  11).  For  periods  during  which  the  mass 
loading  la  greater  than  'vlO^pg/n^,  variations  in  tha  maia  loading  ara  raflactad  by  corresponding 
variations  In  the  mean  volume  radlut.  This  la  true  of  both  tha  high  frequency  varlatlona  and  tha  long 
time  conatant  decay.  Thus,  trials  showing  a  fall-off  In  tha  aasa  loading  also  nhow  an  initial  fall-off 
In  the  value  of  the  meen  volume  redlue  due  to  e  propurtlonetely  greater  number  of  large  pertlclee  during 
tlnee  when  the  aneu  (and  particle)  concentrations  ara  high.  It  la  likely  that  thle  result  Is  due  to 
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cnngalAtlnn  nf  particle!  At  high  curiccntratlona,  but  we  cannot  Ignore  the  poealblllty  that  the 
uiiclercuunttng  of  aubmlcron  partlclea  Is  a  contributing  factor  ■ 

For  all  of  the  teeta  there  li  a  period  of  Clnet  which  corraaponda  to  maaa  loading 

AS 

of  10  Mg/n  <  M  <  10  Wg/n  1  during  which  the  mean  volume  ridlua  la  ralattvuly  conatanti  reflactlng 

varlatlona  In  tha  naaa  loading  only  allghtly.  If  at  all*  Thaaa  parlodi  axtend  from  at  laaat  3  mlnutea 

"(i.tlal  21)  to  tha  antlra  duration  of  a  taat  (trial  32).  During  thaaa  "ataady  atata"  parloda*  the  form 

of  the  particle  alae  dlatrlbutlon  remalnad  conitant  evan  though  tha  total  numbar  of  partlelaa  oontlnuad 

to  fall  off*  The  valuaa  of  during  thaae  parluda  era  glvan  In  tabla  1* 

For  maaa  loadlnga  taaa  than  lO^pg/m^,  tha  maan  volume  radlua  ganarally  exhibited  large  fluctuatlona 
which  did  not  neceeiarlly  reflect  varlatlona  In  the  DU|taa  loading*  Thla  raault  la  moat  pronounoad  for 
triala  21  and  24  (flgurei  It  and  12)*  Tha  affaot  la  almoat  certainly  oauaad  by  atatlotloally 
Inauf flclent  numbcri  cf  largar  partlelaa*  It  la  worthy  of  note  that  tha  maaa  loadlnga  in  trlala  23  and 
32  navtr  dropped  below  a  level  of  lO^ng/o^. 

4*  BFFBCT  OF  RBIATXV8  HUMIDITY  ON  PARTICLF*  SIZE 

Theorlca  of  the  growth  of  hygruicoplc  parttelea  predict  that  the  equilibrium  radlua  (r)  of  a 
aolutlon  droplet  at  a  given  ralattva  humidity  (.1(1)  la  equal  to  a  nultlpllcatlva  oonatant  tlmaa  tha  dry 
particle  radlua  (tg) 


r  -  a(i|))r^ 


For  dry  particle  radii  0.1pm  <  r^  j(  IptOta  llnaar  relation  la  valid  within  2  percent  for  rolatlva 
. humidities  up  to  95  percent*  The  functional  depandonca  of  a  on  for  phoaphorlc  netd  lu  ahown  tor  three 
mode  la  In  figure  17  (Tarnove,  1980)  HBnal,  1978t  and  Rubai,  1979)*  The  model  of  Tarnove  takes  Into 
account  only  the  vapor  prasaura  depreaalon  of  water  due  to  the  preianca  of  tb.e  phoaphorlc  acid  and  not 
ths  vapor  preaaure  enhancement  due  to  the  curvature  of  the  particle*  Since  the  lettev  repraeonta  a 
growth  inhibition  factor,  Tarnnve's  model  ahnuld  ropraaent  an  upper  bound  to  expected  particle  growth* 
IlMnel'a  valuee  of  u  are  Idantteal  to  those  of  Tarnove  for  0*4  £  0*8*  Hla  value  at  i|/  •  0*2  appears 

Anoranluualy  low.  The  model  of  Rubel  fslli  bolow  that  of  Tarnove  for  0.2  £  i)/ £  0*8*  Hanel'a  and  Rubel'e 
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values,  tdeneleal  at  lii  ■  0,9  and  i()  ■  0.95,  lie  above  the  corresponding  values  of  Tarnove.  Except  for 

Hanel's  value  at  41  -  0.2,  all  are  In  agroement  within  6  percent. 

Attempts  to  verify  these  growth  models  for  distributions  of  dry  particle  sixes  generated  In  field 

experiments  have  not  been  successful.  Slsa  distributions  of  phosphorus  smokes  genaratad  by  three 

different  techniques  during  the  High  Humidity  Hygroscopic  Smoke  (H^S)  field  test  are  presented  by  Farmer 

(1980).  The  humidity  In  these  teste  varied  from  73  to  97  percent,  and  yat  the  else  distributions 

•m 

obtained  with  both  a  particle  airing  Intorfarometer  and  a  Cllmat  optical  particle  counter  showed  very 
little  variation  from  oni  test  to  another.  In  fact,  there  Is  a  auqgaatlnn  t*'''.t  the  tc'.n  portlcla  slsu 
actually  decrtated  with  lucrejalng  ralatlva  humidity.  It  Is  apparent  that  if  all  of  the  partlelea  In  1 

M 

distribution  ara  countad  and  alsad,  maan  valuai  of  tha  radius  of  that  distribution  will  be  equal  to  a(iji) 
times  the  corresponding  mean  value  of  the  dry  particle  distribution.  Farmer's  valuas  of  the  marn  volume 
radii  of  phosphorus  smokes  maasured  by  the  particle  aiming  Intertaronatar  and.  the  Cllraet  Instrument  are 
plotted  In  flguree  IB  and  19,  To  plot  thaia  data  in  the  format  of  figura  17,  each  data  set  wae  divided 
by  a  eomewhet  arbitrarily  choaan  valua  of  tha  maan  voluma  radlua  at  the  dry  particle  else  distribution 
(tgy  ),  (A  limiting  condition  for  r^y^  wae  that  all  resulting  values  of  a  had  to  fall  batwean  1  and 
2,5).  Note  that  the  values  of  r.y  differ  slightly  for  the  two  data  eats,  and  that  both  data  aeta 
Indicate  that  the  menn  particle  tliss  dtorsaie  with  ineraaslng  relative  humidity.  Farmer  suggested  that 
this  result  might  In  part  be  due  to  tilt  tact  that  particles  with  radii  lass  than  O.lSpm  ware  not 
accurately  alsed  or  counted. 

Laboratory  verification  of  tha  phosphorui  growth  modal  haa  been  lomawhat  more  aucueesful.  Prlckel 
et  al  (1979)  hivt  praaented  slae  distribution  data  for  phosphorua  arookaa  msasurad  In  a  chambur  with  an 
Anderson  Impactor.  The  relative  humidity  In  these  testa  varied  from  0.12  to  0,51,  and  results  are  given  ' 
In  terms  of  a  maae  mtdlan  radlua  (r|,f|^)  and  a  geometric  standard  deviation  (Cg).  Tha  values  of  may 
be  convertad  to  r^y  using  the  reletlon  given  in  tha  next  eactlon  [aquation  (6)).  These  values  of  t^y 
divided  by  an  sppcoprlata  valua  of  r^y  ara  plotted  in  figure  20,  It  appears  that  at  least  two  ' 

dlstrlbutloni  cherecterlicd  by  two  different  veluaa  of  r^y  ware  Initially  praiant,  and  that  tha  ona 
charactsrlaad  by  an  r^y  of  0<25pm  Is  In  agraamsnt  with  tha  growth  model  up  to  ifi  ■  0.5.  Note  that  thla 
valua  ia  Itai  tnan  that  lor  althsr  of  the  date  sets  of  Farmer. 

Values  of  tbs  staady-atata  mean  voluma  tadlus  for  tha  seven  Hmokt  Week  lit  trlali  determined  as 
outlined  above  ara  plotted  In  figura  21.  Again,  the  data  aet  Is  divided  by  an  appropriate  value  of 
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'^nv  *  ‘  general  reaemblance  to  the  growth  model,  but  there  la  too  little  data  and  too 

o 

much  acatter  for  any  definitive  conclualon-  A  reaaon  for  the  relatively  low  value  of  r  la  that  the 

nVy 

Initially  high  valUea  of  measured  during  perloda  of  high  concentrations  were  not  considered 
representative' 


S.  FAKAHETBRIZATION  OF  THE  PARTICLE  SIZE  DISTRIBUTIONS 


Typical  aiae  dlitrlbutlona  obtained  tot  the  data  aeta  used  In  plotting  figures  18  through  20  are 
shown  In  figure  22, >  Note  that  the  actual  axpcrlaental  data  have  been  plotted  for  site  aeatarementa  made 
with  the  particle  siting  Intarfaronater  and  the  Cllmet  optical  particle  counter,  whereas  the  data 
obtained  with  the  Anderson  Impaetor  had  already  bean  fit  to  a  lognormal  expression  of  the  form 


In  0. 


In*  -J- 


To  plot  a  distribution  of  this  tom  as  dN/dr^we  note  that  the  lognormal  form  remains  unchanged 


'ini'  In  o_ 


in* 


that  Ug  le  the  same  for  both  expressions,  and  that 


"mm  '  "g  "’•P  ‘’g^ 


(Patterson  and  Gillette,  1977). 


The  mass  loading  (M)  and  total  particle  concentration  (N^)  are  related  by  aquation  (1)  whera 


0J<p(l-5  In*  0  )  -  r  exp(-1.5  in*  n  ) 
mv  g  g  MM  g 


(Llndauer  and  Castleman,  1971). 
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Frlckel  et  al  (1979)  emphasize  an  Important  property  of  a  distribution  having  this  analytical  form, 
namely,  that  foi  particle  growth  satisfying  equation  (2),  the  form  of  the  distribution  will  remain 
unchanged  for  changes  In  the  relative  hunldltyi  Kp  and  remain  eonitant  and 


Comparing  the  distributions  of  figure  22,  we  note  that  both  the  PSI  and  the  Cllmet  Instruments  yield 
broader  distributions  than  the  Andersen  Impactor  and  that  they  show  no  Indication  of  a  peak  In  the 
distribution  at  r  n,  0.2um>  The  Cllswt  data  exhibit  a  power  law  dlatrlbutlon 


iii 

dr 


(8) 


over  the  range  O.lSpm  <  r  <  1.5ym  where  v  «  2,  The  PSI  determined  distribution  la  vary  flat  over  this 
range  with  a  itode  at  r  n,  2.0ym,  a  rei.attvely  ateep  fall-off  for  r  >  2.0ym,  and  a  large  number  of 
partlelea  with  r  <  0<lSym>  Neither  the  Cllmet-  nor  the  PSl-determlned  dlatrlbutlon  appdara  to  be 
lognormal  In  character. 


Only  relative  values  of  dN/dr  are  to  be  coopered  In  figure  22,  Actual  number  (or  mess) 
concentrations  are  not  available  for  either  the  Cllmet  data  or  the  Anderson  Impactor  data.  The  p)ots 
are  presented  as  typical  distributions  obtained  with  the  respective  Instruments,  even  though  our 
analysis  of  the  dsta  for  Smoke  Week  Ill  shows  the  form  of  the  distributions  to  be  a  function  of  the 
number  concentration  or  mass  loading.  In  general,  the  greater  the  mass  loading  the  broader  the 
dlstrlbuLlon— a  property  which  we  have  attributed  to  coagulation.  Thus,  In  parameterizing  the  data 
obtained  with  the  PMS  probea  we  have  chosen  two  forms  of  the  particle  site  distribution!  one 
representing  the  maximum  measured  concentration  and  the  other  typical  of  the  form  of  the  dlctrlbutlon  at 
mass  concenlratlons  less  than  10*yg/ra^.  These  are  given  together  with  the  allghtly  modified  probe 
respor.aes  with  which  they  were  fit  In  figures  23  and  24.  No  procedure  wos  used  to  establish  a  best  fit; 
single  values  of  the  parnraelors  Np,  r^j.  and  were  chosen  which  estahllshed  a  reasonable  compromise 
between  the  responses  of  probes  A  and  C.  No  attempt  was  made  to  par  i.iieterlzc  th'>  apparent  Jpm  mode  In 
the  distributions,  though  enna  Idcrat  ton  was  given  'o  Its  effect  In  hroadenlng  tlie  distribution. 
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It  Is  seen  that  even  the  typical  PMS-aeaaurad  distribution  Is  nuch  broader  (a^  la  bigger)  than 
typical  distributions  obtained  with  the  Anderson  Inpactor,  but  that  the  number  concentration  falls  off 
much  more  sharply  with  size  over  the  range  O.IS  <  r  <  l.Syn  than  do  the  distributions  obtained  with  the 
PSI  and  the  Cllmet  Instruments*  It  Is  further  noted  that  the  peak  In  the  lognormal  dlatrlbutlon  Is  not 
actually  measured;  In  this  respect  the  results  confirm  those  of  the  PSI  and  Cllmet  Inetrumente— the 
primary  mode  In  the  number  alee  distribution  Is  at  r  <  0>2pm.  The  mode  at  r  'v  2.0pm  round  with  the  PSI 
instrument  nay  be  present,  but  its  fractional  contribution  to  the  mass  loading  It  not  dominant. 

A  comparison  was  made  batwaan  the  values  of  H  and  r^^  ealeulatad  from  the  actual  maasuremanta  and 
chose  obtained  ualng  the  paranetcrlsad  distributions  of  figures  23  and  24.  It  was  found  that  the  values 
of  M  obtained  using  the  lognormal  parameters  are  from  2.5  to  6  clmea  lower  than  those  calculated  from 
the  measurements.  This  is  because  the  response  of  probe  C  Is  not  given  full  weight  In  tha 
parameterlsatlon.  The  values  of  r^y  are  reduced  both  for  this  reason  and  baeaitsa  a  greater  number  of 
particles  are  accounted  for  In  the  lognormal  parameterlsatlon  than  are  actually  maasured  by  the  probes. 

6.  ABSORPTION  AND  EXTINCTION  PROPERTIES  OP  THE  PHOSPHORUS  SMOKES 

A  comparison  of  speotrophone  (Bruce  et  al,  1981)  measurementt  of  absorption  at  10. Bum  with 
calculated  mesa  loadings  la  given  In  figures  25  through  28  for  Che  four  phosphorus  smoke  trials  In  which 
simultaneous  measurements  were  made.  The  temporal  correlation  of  the  Independent  msasuremente  was  good, 
particularly  so  for  trials  24  and  25.  If  the  peak  valuea  of  absorption  and  mass  are  compared,  a  mass 
absorption  coefficient  for  each  test  can  be  Inferred.  These  values  (given  In  table  1)  are  In  very  rough 
agreement  with  theoretical  predictions  (Plnnlck  and  Jennlnga,  1980)  but  show  a  ilgnlflcant  variability 
from  teat  to  teat. 


7.  SUMMARY  OF  RESULTS 

The  conclusions  to  be  drawn  from  the  work  preaented  In  this  paper  can  be  aummartsed  as  follows) 

a.  In  general,  the  slse  distribution  of  the  phosphorus  smoke  produced  by  s  source  exhibiting  an 
exponential  decay  In  Its  output  rate  is  not  constant  with  time.  For  mass  concentrations  greater  than 
t;he  mean  particle  size  decreases  as  the  mass  concentration  falls  off,  apparently  due  to 
particle  coagulation. 
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b.  Tha  exparinental  raaulta  of  Saoke  Waak  III  ara  Inauff Iclaiit  co  verify  model)  of  particle  growth 
aa  a  function  of  relative  humidity.  For  the  relatively  steady-state  conditions  achieved  during  the 
middle  of  the  trials  sunoarlaed  here,  larger  particles  are  found  during  testa  with  high  relative 
humidity,  but  the  sourema  and  ventilation  rataa  ware  not  sufflelantly  controlled  to  verify  a  growth 
model  predicting  r/r^  aa  a  function  of  t{>. 

e.  The  alia  dlatrlbutlona  of  the  phoaphorua  amokea  can  be  raaaonably  paramatertied  by  the  lognormal 
function  [equation  (4)],  though  the  small  particle  “wing"  of  the  distribution  haa  not  been  adequately 
measured.  Values  of  r^  In  this  parametartiaClon  do  not  vary  greatly,  a  typical  value  being  tg  ■  O.lSw, 
and  a  value  at  a  high  mass  concentration  being  tg  •  O.SOum.  Valuee  of  Og  (1.75  to  2.0)  are  larger  than 
those  determined  from  laboratory  experiments  (Frlckel  at  al,  1979)  and  daeraaaa  as  the  main  particle 
alia  decreases. 

d.  Comparlaona  of  mass  loadings  determined  from  the  PMS-measured  alas  distributions  with 
speetrophone-measured  absorptions  show  rough  agreement  with  theoretical  predictions.  Discrepancies  of  a 
factor  of  2  In  the  mass  absorption  coefflelenta  can  well  be  due  to  uncartalntlss  In  the  measured  else 
distribution. 
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PARTICLE  RADIUS  (/Am) 


riOURE  1.  SIZE  DISTRIBUTIONS  OBTAINED  BY  THREE  PM8  PROBES  NEAR  TIME  OP 
MAXIMUM  SMOKE  CONCENTRATION  DURING  TRIAL  18. 

PROBE  AlASL  ASA8P-X,  RANGE  It  PROBE  B.  DUGWAY  PROVING  GROUND  ASASP-X.  RANGE  li 
PROBE  CtASL  C8ASP-100,  RANGE  1.  ' 


flCURE  2.  SAME  AS  PIOURR  I  FOR  TRIAL  21. 
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MNTICLE  RADIUS  (fim) 


FIGURE  7.  SAME  AS  FIGURE  1  FOR  TRIAL  33. 


PARTICLE  RADIUS  (^m) 


FICURE  e.  SIZE  DISTRIBUTION  OBTAINED  BV  THREE  PMS  PROBES  AT  A  TIKE  DURINO 
TRIAL  21  WHEN  THE  MEAN  VOLUME  RADIUS  WAS  RELATIVELY  CONSTANT. 
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AMtIENT  RELATIVE  HUMIDITY 


FIGURE  9.  LOCAL  REUTIVE  HUMIDITY  (WITHIN  PHOSPHORUS  SMOKE  PLUME)  AS  A  FUNCTION  OF  AMBIENT 
RELATIVE  HUMIDITY  FOR  GIVEN  VALUES  OF  PHOSPHORUS  MASS  LOADINO  AND  AMBIENT  TEMPERATURE. 

It  li  aiiunid  that  no  wtKlng  of  watar  vapor  from  outalda  tha  pluma  hii  takan  placa  and 
that  tha  amblant  praaaura  i.a  1000  mbar. 
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MEAN  VOLUME  RADIUS  MASS  LOADING  {/iqin?) 
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MEAN  VOLUME  RADIUS  MASS  LOADING 
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KIGURE  12.  SAME  AS  KIOURE  10  ROR  TRIAL  24. 

Arrow  Indlcsls*  the  time  correepondlnR  to  the  probe  reeponeea  given  In  figure  1. 
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RELATIVI  HUMIDITY 

FIGURE  17.  THEORETICAL  MODELS  OF  PHOSPHORIC  ACID  PARTICLE 
GROWTH  AS  A  FUNCTIOH  OF  REUTIVE  HUMIDITY. 
(Tarnova,  1980|  Hiinal,  1978)  and  Rubtl,  1979). 
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RELATIVC  HUMIDITY 

FIGURE  18.  PARTICLE  81EIN0  INTERFEROMETER  DETERMINATIONB  OF  THE  MEAN  VOLUME 
RADIT  OF  PHOSPHORUS  SMOKES  DURING  THE  H^S  FIELD  TEST. 

Value*  given  by  Farmer  (1980)  are  nocmallied  uilng  a  dry  particle  naan  volume  radlua  of  O.AOun, 
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riOURI  19.  CllMBT  OPTICAL  PAKTICU  COUNTBR  DBTKRM1KAT10N8  OF  THE  MEAN  VOLUME 
RADIX  or  PHOSPHORUS  SMOKES  DURINO  THE  H^S  FIELD  TEST.  Valuai  tlvtn  by 
Farntr  (1980)  ar«  nornalliad  uilng  a  dry  partlcla  aaan  volunt  radlui  pf  O.SSun. 


FIGURE  20,  ANDERSON  IMPACTOR  DETERMINATIONS  OF  THE  MEAN  VOLUME  RADII  OF  PHOSPHORUS  SMOKES 
IN  A  LABORATORY  CHAMBER.  Value!  given  by  Frlckal  at  al  (1979)  era  normallEad  uelng  a  dry 

partlcla  ncan  volune  radlui  of  0.29tim. 
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RCLATiyi  HUMIDITY 

Fiaima  21.  pms  optioau  parttcle  counter  determinations  or  the  mean  volume  radii  op  phosphorus 

SMOKES  DURING  SMOKE  WEEK  III. 

Value*  given  In  table  1  ere  normellaed  ueing  *  dry  particle  mean  volua*  rediiia  of  0.30mb. 


FARTICLC  RADIUS  ifim) 


FIOURE  22.  RELATIVE  SIZE  DISTRIBU'iTUNB  Ur  PHOSIJHORUS  SMOKES  OBTAINED  USING  THREE 
DIFFERENT  INSTRUMENTS.  Only  relntlv#  value*  of  dN/dr  are  to  be  compared. 

The  Particle  Slelng  Interferometer  and  .he  Cliriiat  data  are  for  trial  d  of  the  H^S  teat 


(Farmer  1980).  The  particle  concantrntlan  (Np)  used  in  plotting  th*  dtstrlbutloni  are 
10^  and  10^  cd"^,  raapactively.  The  Andaraon  Tmpactor  data  are  for  caia  6  of  table  1 
of  Frlckel  et  al  (1979).  A  value  of  4  *  10*  ll  uned  for 
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PARTICLE  RADIUS  (^m) 

FIGURE  23.  LOGNORMAL  PIT  TO  PMS  MEASURED  SIZE  DISTRIBUTION  OF  PHOSPHORUS  SMOKE 
MEASURED  DURING  PERIOD  OP  MAXIMUM  MASS  LOADING  DURING  SMOKE  WEEK  III. 


PARTICLE  RADIUS 

FIGURE  2A.  LOGNORMAL  KIT  TO  TTKICAL  PMS  MEASURED  SIZE  DISTRIBUTION  OF  PHOSPHORUS  SMOKE 

MEASURED  DURING  SMOKE  WEEK  III. 
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PARTICLE  SIZE  ANALYSIS  -  THEORY  AND  DATA  ON 
BIMODAL  FOG  OIL  DISTRIBU’IION 


A'lB 


Robert  W,  Doherty  end  Robert  H.  Frlckel 
Chemical  Syjtem  Laboratory 
Aberdeen  Proving  Ground,  MD  2101C 

ABSTRACT 

Preliminary  date  eulleeted  at  the  Obsouretlon  Science  Section  of  CEL  at  APO,  MD  uelug  e  light 
icetterlng .optical  perciele  counter  of  the  PMS-CSASP  type  have  ehown  evidence  of  nultlnodal  etruoture  In 
the  particle  alee  dlatrlbutlon  of  a  vaporlzad/nondenaed  aaroaol  of  fog  oil  In  the  C,.3.  Lim  <  die  < 

2.S  dm  die  range.  Aiauming  complete  vapotlaation  of  the  fog  oil  during  dlfiaemlnatlon,  multimodal  eiae 
diatrlbutlone  ate  not  expeotedt  however,  under  certain  cOndltlone  of  auperaaturatlon,  a  blmodal  elca 
dlatrlbutlon  la  predicted  bv  theory.  ' Being  invdetlgated  le  the  puaaibility  that  the  obeeried  aaroaol 
dletributlon.nay  be  an  artifact  of  the  optical  counter.  'The  optical  counter  la  dealgned  to' interpret 
light  acatterlng  algnala  in'  terme  of  a  monotonle  reaponee  function  with  rcepect  ,tc  patelola  alta 
Independent  of  refractive  Inddx..  The  effer.te  of  a  "fold  ovar"'ln  the  optical  aVetanfe  ratponea  function 
In  yielding  multlmo(!al  diatrlbutlone  from  unlmodal  log:  nortwl  dlatrlbutloha  will  be  demonatratad.  A 

comparlaon  of  the  nbeerved  particle  piep  dletrib'ution  with  4  Cohventlounl  oaacada  impad'tor  will'  aleo 
be  preaented.  ■ ;  .  ■  . 

INTRODUCTION 

The  purpoae  of.  thii  paper  Id  to  preaent  a  brief  aummary  of  aoma  of  the  Clndlnga  marie  at  ^tha 
Obeouratlon  Sclencea  Section  of  CSL  at  APO  on  aeruaole  of  vaporlxed/cohrieneTjd  fog  oil  (No.  100  PALE 
OIL).  Speolflcall)',  aona  rather  unaxpao tad  multi-modal  paaka  In  the  aaroaol  alee  dlatrlbutlon  over 
the  Interval  of  meaaurement .a.,  Oi.liim  '.diameter  <6.0iJm  were  obaerved.  An  affo.rt  v.na  than  made  to 
aatebllah  whether  or  not  theae  paaka  ware  real  or  ware  .itaaavtemdnt  t'yatetn  ertlfaota.. 

Thla  paper  preianta  the  experlmantal  flndlnga  on  the  time  development  of  fog  oil  eeroiola  ranging 
from  o  maaa  conoentratlon  uf  0.012gm/tn^  to  0.58gm/m^,  aa  wall  aa  a  brlet  rilacuaalnn  on  the  thaoratlcal 
development  of  a  blmodal  dlatrlbutlon  from  on  orlglnall*'  unlmodal  dlatrlbutlon  conaldorlng  evaporation 
and  condenaatlon  ae  the  driving  mechanlams. 


EXPERTMENT.U  FACILITIES 

Tlie  qx;icrimenCiil  pcocudure  utilized  by  CSL  to  perform  the  preaent  experlmanta  involved  using  a 
12'  .xA'  X.7'  plywood  box  with  auitable  axhiuut  end  sompllng  pnrta.  Dlaaemlnatlon  of  the  smoke  Into  the 
chamber  wna  handled  by  o  Gutgcaa  Jungle  Foggor  Model  r-lA42  made  by  the  Burgaae  VlbrocraFtera,  Inc. 
located  in  GrBysU!'.i,:,  Til.  Acrcaol  maaa  concentration  mi  aauramenta  were  made  using  Qelman  47  mm 
diameter,  type  A/E  glaas  fiber  ftltera. 


Moosurumeni:  nf  llie  ueroaol  alte  dlatrlbutlon  wes  performed  uaing  both  an  Anderaon  Mark  III 
cuBcade  Impoctor  available  from  Anderson  2000,  Inc.,  Atlanta,  OA  and  a  Particle  Measuring  Syatenis 
CSASP-lOO-IIC  optical  inrrlc.lu  counter  avalliiH.le  from  PMS,  Boulde:  ,  Colorado.  Aiialyals  of  the  cascade 
Impnctor  stagea  was  perfori.icd  gravlmetrlcully,  which  limited  the  uae.  of  the  impactor  to  aerosols  with 
iiiasH  concentnit  Ion  oxteodliig  0,1  gm/ni^.  The  CSASP-IOO-HC  optical  size  analyzer  was  used  on  both  low 
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and  high  concantratlon  atroaoXa  with  the  undar a tending  that*  for  aaroaola  axoaadlng  partlclaa/cc, 
corractlon  factora  muat  ba  appllad  to  tlia  raw  data  to  tranafrom  tha  obaarvad  ralatlva  alia  dlatrlbutlon 
Into  abaoluta  alia  dlatrlbutlon. 

In  addition  to  total  naai  concantratlon  and  alia  dlatrlbutlon  aaaiiurairanti,  optical  tratiauifilon 
meanuremunta  acroai  the  d*  dimenalon  of  the  anoke  chamber  ware  madt  at  the  wavilengtha  X""  0.4416  ym 
0,6328)jm,  and  1.13pm.  A  cuntlnuoua  record  of  the  tranamlailon  lavala  monitored  by  SCO  100  A  detectora 
for  each  of  tha  laaar  llnai  wai  kaap'vla  atrip  chart  reeocdacc.  Tha  optical  depth, ,  of  tha  aaroaola 

•  4 

aa  a  function  of  titan  waa  than  obtained  froia  tha  tranamiaalon  eharta  ualng  Baar*a  Law  t.a. 

Kt)-!^  axp  (-V) 

where  1^  corraaponda  to  tha  Initial  tranamiaalon  laval  through  the  ohanbar  without  amoke, 
and  I(t)  corraaponda  to  tha  tranamiaalon  laval  through  the  chamber  with  anoka  at  time  't'. 

BATA  FORMAT 

Flguraa  1,  2  and  3  ahow  tha  time  hlatory  of  tha  vaporlaad/eondanaed  fog  oil  aaroaol  dlatrlbutlon 
with  Initial  maaa  ooncantratlona  of  0.012  gm/m^,  0.033  gm/m^,  and  O.Sg  gm/m^  raapactlvaly.  All 
ncaauramenta  wara  made  on  tha  CSASP-IOO-HC  optical  particle  oountar.  Tha  reader  la  cautioned  that  tha 
alaa  dlatrlbutlona  ahown  in  Flguraa  1,  2  and  3  era  not  abaoluta  alia  dlatrlbutloni^  but  only  ralatlva 
alaa  dlatrlbutlona.  An  abaoluta  alaa  dlatrlbutlon  impllaa  that  tha  amplitude  aa  wall  aa  tha  location 
of  tha  olaa  paaka  can  be  traced  to  a  known  volume  of  actual  aaroaol.  A  relative  alia  dlatrlbutlon 
Impliaa  that  tha  actual  volume  of  aaroaol  aanplad  la  not  known,  but  that  tha  alia  peak  looatlona  and 
ralatlva  amplltudaa  on  any  given  run  are  accurately  rapraaantad.  Hanoa,  oomparlaon  of  tha  alia 
dlatrlbutlona  from  monant  to  moment  ualng  our  data  doaa  not  provide  tha  aniwar  on  an  abaoluta  baila  to 
the  net  flux  of  partlclea  Into  or  out  of  a  particular  alia  Interval,  but  It  doaa  provide  Information 
on  changoi  In  the  location  of  tha  alia  paaka  and  thalr  ralrtlva  at-rangtha  at  fixed  tlmaa.  Aa  a  ramindam 
to  the  reader  of  thu  uncertainty  in  the  placement  of  tha  vertical  offaat  to  tha  curvaa  In  Flguraa 
1,  2  and  3,  tha  vertical  axle  la  ahown  aa  a  atcggerad  axli  with  only  ralatlva  acala  factora  given.  To 
have  attamptad  to  provide  for  a  moment  by  moment  abaoluta  r.nmparlaon  of  tha  il:ta  dlatrlbutlon  curvaa 
would  have  raqulrad  tha  uaa  of  large  correction  factora,  each  with  a  high  dagraa  of  imoortalnty. 

The  empirical  proccdura  for  eitlmatlng  the  corractlon  factora  can  be  obtained  from  the  manufacturer 
under  the  title  "Activity  and  Ite  Influence  on  Inatrumant  MaaBuramanti." 

Klgurei  4,  5  and  6  damonitrate  the  optical  depth,  ,  and  tha  aaroaol  maaa  concantratlon  aa 
functlone  of  time  for  the  aaroaol  of  Flguraa  1,  2  and  3  raapectlvaly.  Flgura  7  ahowa  a  plot  of 
caaccde  Impactor  data  taken  on  the  aeroaol  of  Flgura  3. 
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should  be  noted  that  the  timed  labeled  t<*0  are  not  the  end  points  of  the  smoke  generation, 
but  the  beginnings  of  the  data  collection.  Them  may  be  a  several  minute  gap  between  these  two  times 
In  adultlon,the  rather  rapid  aerosol  mass  decay  la  due  to  the  mixing  fan  used  tlirougliout  tiie  experJ- 

nent  to  keep  the  cloud  home  eneoue  rather  than  due  to  settling  affects. 

DATA  ANALYSIS 

(a)  Low  concentration  Fog  Oil  -  0.012  gm/n^; Examination  of  Figure  1  ahows  that,  Initially,  the 
peak  In  tha  title  dletrlbutlon  oocura  lomawhere  below  the  lower  level  of  particle  oetectlon  for  the 
CSASP-100-HC,  l,e,  below  0.3  um  diameter,  but  that  there  ta  a  tteep  ehouldnt' to  the  distribution  at 
about  O.A  tin  diameter  and  a  weaker  aacondary  ehoulder  at  about  0.6  urn  diameter,  l.n  time  the  0.4,  bm 
dlimatar  node  develops  into  a  definite  peak  while  the  0.6  um  diameter  mode  beoomee  more  pronounced. 
Hanosiby  SO  minutiae  into  tha  test  run,  tha  data  indloataa  a  weak  blmodallty  over  tha  monitored 
portion  of  tha  partlele  alas  apeetrum  from  0.^  pm  dlamatar  to  6.0  pm  diamatar. 

Figure  4  demenatratae  a  steady  daoey  In  both  uhe  optical  daptha  maaaured  at  X*0,4416  pm, 

0.6328  pm  and  1.13  pm  and  tha  aaroaol  maaa  conoantratlon  with  Inoraaalng  time.  Notice  that,  aUhough 
tha  optical  depth  at  X-0.4416  pm  la  1.3  tlmea  largar  than  tha  conaapondlhg  optical  depth  at 
X>0.6328  pm,  tha  rate  of  daoreaaa  In  tha  former  la  eleo  greater  such  that  this  two  values  becomu  equal 
at  about  34  mlnutaa  Into  tha  teat.  Bayond  34  minutes  the  optloal  depth  at  XvO.4416  pm  drops  below 
that  of  Xs0.632B  pm.  Tha  optical  depth  at  X^l.lS  pm  showe  a  steady  dacrasaa  throughout  ths  ontlro 
teat,  continually  ranalning  the  lovesr  of  tha  three  meaauramente. 

(b)  Medium  Concentration  Fog  Oil  -  0,033  gm/m^i  Examination  of  Figure  2  shows  the  peak  In  the 
initial  aatoiol  alia  dlstilbutlon  occurs  tomewhare  below  tha  0,3  pm  diameter  lower  limit  of  tha 
CSASP-IOO-HC  with  a  itsep  ahoulder  at  0.4  pm  end  a  second,  weaker  shoulder  at  about  0.6S  pm,  all 
of  which  Is  vary  almllar  to  tha  t'O  plot  of  Figure  1.  By  24  mlnutaa  Into  the  test.  Figure  2  ehowa 
that  the  shoulders  at  0.40  and  0.63  pm  dlamatar  have  become  pronounced  peeks  end  hence  demonitratai 

a  definite  blmodallty  in  tha  monitored  portion  of  the  elre  dletrlbutlon.  At  49  minutes  into  the  rune, 
the  peaks  at  0.4Q  pm  and  0.63  pm  diameter  arc  more  evident  with  tha  0.63  pm  dlamauer  peak  having 
grown  to  a  ralatlve  maglntude  of  ona  third  that  of  the  main  peak  at  0.40  pm.  This  pattern  remained 
unchanged  to  the  end  of  the  test  at  68  minutes  Into  the  run. 

The  mauaurementi  of  the  optical  deptha  at  XaO.4416  pm,  0.6328  pm  and  1.13  pm  and  the  aerosol 
mass  concentration  shown  In  Flgurs  3  ars  vsry  similar  to  thoea  of  ths  low  concentritlcn  fog  oil  .:eat 
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shown  in  Flnure  k  with  the  exception  thst  the  initial  optical  depth  at  ).«0.4416  pm  Is  over  1!  1/2  times 
that  111  X"0.6328  pitv  which  la  much  hluher  than  timt  of  FlRure  4  and  suggosts  some  masa  connentratlun 
dependency  to  the  initial  size  dlatrlbution . 

(c)  High  Concentration  Fog  Oil  0i58  gm/m^;  Unlike  Figures  1  and  2,  Figure  3  chows  a  pronounced 
peak  In  the  initial  aerosol  distribution  within  the  monitored  else  rsngei  the  peak  being  located  at 
0<44  pm  diameter.  It  must  be  mentioned)  howeveti  that  the  aerosol  of  Figure  3  was  produced  by  the 
generation  and  siibsequent  dilution  of  a  much  higher  concentration  aerosol  (1  This  process 

took  several  mlnutee  to  accomplleh,  so  that  early  development  of  the  eerosol  from  a  size  node  below 
0.3  pm  diameter  to  that  at  t»0  igey  have  taken  place  prior  to  our  date  gathering.  By  25  minutes 
into  the  test)  Figure  3  demonserataa  a  strong  blmodallty  In  the  meeaurcble  portion  of  the  size 
spectrum  with  peaks  at  0.44  pm  and  0.85  pm  diameter.  By  52  minutes  Into  the  run)  the  else  distribution 
epposre  to  be  trlmodal  with  the  largest  peak  oocurlng  aomawhera  below  0>3  pm  and  additional  peaks  at 
0.54  pm  and  Oi85  pm  diameter.  At  144  mlnutee  into  the  test)  Figure  3  continues  to  show  s  trlmodal 
site  distribution) as  seen  st  52  mlnutss.but  with  some  downward  shifting  of  the  pssks  which  can  be 
attributed  to  fogging  of  the  CSASP-IOO-HC  probe  lenses.  Evidence  supporting  the  downward  shift  seen 
la  the  lisa  distributions  from  tsS2  minutes  to  tsl44  minutes  vis  dirty  probe  lenses  was  obtained  by 
obiei'Vlng  s  similar  .downward  ahift  In  the  probe  calibration  ualng  Dow  Chemical  polystyrene  latex 
spheres  run  before  and  after  the  smoke  test,  tn  addition,  the  manufacturer  of  the  CSASP>100*tlC  probe 
found  It  necessary  to  Incorporate  nonunlCorm  voltage  intervale  for  the  scattering  event  pulse  height 
anslyils  tn  order  to  provide  uniform  diameter  Intervals  corresponding  to  these  same  channels.  As  a 
result)  a  ISX  drop  In  the  pules  height  can  readily  cause  a  2  channel  downward  channel  assignment 
tor  partlelee  at  the  upper  end  of  a  given  probe  size  rangi\  while  It  would  require  a  20X  to  70a  drop 
In  elgnal  strength  to  aecompllah  e  elmller  shift  In  tbs  smal’er  particle  size,  depending  on  the  probe 
size  rsnge  selscted.  For  tht  slss  rsnge  In  which  the  pesks  of  Figure  3  at  t>32)  144  minutes  are 
occuring) l.e.  ilza  range  #3,  the  obiarved  shifting  In  the  t>32  minute  end  t"144  minutes  curves  is 
consistent  with  che  observsd  shifting  of  the  latex  standards  and  the  nonunlform  voltage  Intervals 
astabllshed  by  the  manufacturer.  However,  fogging  over  of  the  probe  lens  can  not  explain  the  dlanppeat*- 
ence  of  the  0.54  pm  diameter  peak  as  shown  in  the  t*52,  144  minute  curves,  nor  have  we  an  alternative 
explanst Ion 


Figure  7  shows  the  tusults  of  cascade  impactor  teats  run  on  the  high  concentration  aerouol  at 
t“9.5  minutes  and  again  at  t"52  minutes.  The  trend  of  the  data  Is  towards  a  lilghBr  mass  modlnn 
diameter  with  increasing  i  Lme;  however,  we  believe  our  experimental  error  Is  simply  too  great  for 
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■•iioai;  purtit'ular  teat  runs  Co  provide  qaantltatlve  Information  on  a  particle  number  baalr.  lor  the 
veriflcutlo.i  of  the  multimodal  distributions  seen  In  the  optical  sire  distributions  of  Figure  3. 

There  are  notable  changes  In  the  time  history  tha  optical  depth  measurements  of  Figure  7 
as  competed  to  the  optical  depth  measurements  on  the  low  and  medium  aerosol  concentrations  of  Figures 
Mild  3.  Figure  7  shows  that  the  optical  depth  at  1  ■  0.6328  pm  remains  greater  than  that  of 
X  «  0.4fil6  pm  for  the  first  70  minutes  of  the  test.  At  70  minutes  Into  the  test,  all  3  wavelengths 
have  cunvergi.d  to  the  same  value  of  optical  depth.  This  was  not  the  pattern  observed  In  Figures  A 
and  5.  Nor  Is  the  early  Increase  In  optical  depth  with  time  rcr;.  in  Figure 7  for  X  ■  1.15  pm 
comparable  to  the  lower  concentration  tests. 

The  initial  lucreaae  in  the  optical  depth  at-  a  -  1.15  pm  would  seem  to  lnaica>'c  a  algnlf leant 
currespondlng  change  In  the  else  distribution  providing  a  more  favorable  «cattarlng  particle  towards 
X  ■  1,15  pm.  However,  the  observed  else  distributions  of  Figure  7  at  t  ■  0  and  t  •  11  minutes  do  not 

bear  this  out,  at  least  not  on  a  relative  elze  basis  over  the  slse  tangs  monitored  l.s,  0.3  pm  - 

diameter  -  6.0  pm.  The  change  in  the  size  distribution  may,  however,  bu  taking  place  below  the  0.3  pm 

diameter  detection  limit  of  the  CbASP-lOO-HG.  Support  for  this  hypotliosle  le  given  by  Figure  9, 

which  demonstrates  the  relationship  between  the  particle  extinction  coefficient  and  the  size  parameter, 
k,  for  a  material  with  a  refractive  index  n  1.5  -  0  1  The  large  slops  seen  in  Figure  3  for  k  3 

Indicates  that  even  a  small  Increase  In  the  particle  size  over  this  region  of  'k'  will  result  In  s 

large  change  In  the  particle  extinction  coefficient  with  the  greatest  enhsneement  In  the  particle 
extinction  coefficient  Miking  place  at  the  longest  of  the  observed  wavelengths,  l.e.  X  >  1.15  pm.  Thus, 
one  possible  explanation  for  the  Initial  Increase  In  the  optical  depth  at  X  ■  1.15  pm  might  be  the 
formation  of  additional  O.AS  pm  diameter  particles,  the  peak  diameter  seen  in  Figure  3  at  the  earlier 
limes,  along  with  the  depletion  of  a  possibly  much  larger  number  of  particles  less  then  0, 3  un  diameter, 
which  are  not  seen  by  flu  present  particle  counter.  The  same  aerosol  buhavlor  of  small  particle  growth 
followed  by  the  partial  removal  of  the  larger,  more  efficient  scatterers  would  also  explain  the 
slmulta,ieoua  decrease  observed  In  the  optical  depths  at  X  -  0.AA16  pm  and  0.0328  pm.  In  effect,  the 

ontica)  dentb  at  pact]  of  the  3  monitored  wavelengths  is  the  algebraic  sum  of  the  net  gain  in  the 

inoro  efflr'  ,nt  u./i5  pm  diameter  scatterers  minus  the  net  loss  of  the  less  efficient  ncatterers  smaller 
than  n.  3  pm  dPimnt.M-.  Table  1  presents  an  example  demonstrating  how  such  competing  processes 
might  operate  un  the  optlc.il  depth.  In  Table  1,  the  distribution  of  parti  ''  clzes  has  been  reduced 
to  two  sizes  for  the  pui pone  of  lllustretlon. 
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ErpECTS  OF  A  MULTIVALUED  RESPONSE  FUNCTION  ON  AN  OPTUIAL  COUNTER’S  PERFORMANCE 

We  have  seen  In  the  previous  section  of  this  renort  unlmodal  dls!  rlbutlons  of  vaporiznd/cor.densed 
fog  oil  chutiglng  In  time  to  form  blmodiil  and  even  crlmodal  distributions.  The  Ruestlon  raised  here  Is 
whether  It  Is  poiilble  that  aoiee  of  the  multimodal  peaks  night  be  artifacts  of  the  optical  counter. 

In  general,  the  signal  strength  registered  by  an  op  .‘.leal  counter  for  a  particular  scattering  event 
can  be  plotted  as  a  function  of  the  actual  particle  diameter  to  form  what  is  called  the  respenee 
function  of  the  aystem.  Unfortunately,  the  response  function  is  often  not  Just  a  function  of  the 
particle  else,  but  also  of  many  other  factors  Including  the  particle  shape,  refratlve  Index,  light 
collection  angle  (s),  bean  profile  and  particle  location  within  the  sensing  rone  of  the  system. 

Even  for  spherical  particles  of  known  ref  . -.tlve  Index,  the  response  function  will  still  contain  s 
rsglon  of  non-uniqusnsss  between  response  and  particle  diameter.  Such  a  region,  wtieri<  the  response  la 
multivalued  In  terms  of  the  particle  diameter,  la  referred  to  as  a  "fold  over"  In  the  response  function. 

Figure  8  demonstrates  the  effect  that  fold  over  has  on  the  interpretation  of  an  originally  unlmodal 
leg-normal  particle  slse  distribution,  Xn  the  example  of  Figure  8,  we  have  chosen  as  our  test  aerosol 
distribution  a  log-normal  distribution  with  a  geometric  count  median  diameter  of  l.Opmi,  a  log- 
geometric  ntanderd  deviation  of  0,5,  and  a  total  number  density  of  10^  p.ittlcles/rc.  The  test  aerosol 
distribution  Is  shown  as  Curve  A.  Curve  B  of  Figure  B  Is  the  atanuf  icturer’s  publiuhed  response 
function  for  the  CSANP-IOO-HC  end  reprecents  the  "averaged"  response  of  the  probe  over  many  different 
refractive  Indices.  In  shculd  be  noted  that  Curve  B  has  been  defined  by  the  manufacturer  as  a 
monotonlc  function,  1.  e.  without  a  fold  over.  Let  Curve  C  of  Figure  8  represent  the  actua.l  or 
calibrated  response  fMct..on  of  the  CSASF-IUO-HC  foi  the  materiel  comprising  Curve  A  In  our  example.  ■ 

Curve  C  la  not  the  response  function  of  e  real  matarial,  but  has  been  chosen  to  illustrate  the  effects 
of  e  pronounced  fold  over  on  the  Interpretation  of  a  given  aerosol  else  distribution. 

Table  2  lists  the  dlsmeter  intervals  corresponding  to  the  specific  response  Intorvsls  as  establiehed 
by  the  manufacturer  for  the  CSASF-IOO-HC  response  function  rf  Curve  B.  Also  listed  are  the  diameter 
intervale  obtained  from  our  assumed  response  function  of  Curve  C,  corresponding  to  these  same  manu¬ 
facturer's  specified  responeu  Intervale.  Table  2  can  be  broken  Into  3  dlamete.  rangea  with  respect  to 
Curve  C  SB  follows i 

Range  1  -  all  particles  below  the  fold  over  In  Curve  C 

Range  II  -  all  particles  encompassed  by  the  fold  over  of  Curve  C,  i.e.  a.1 1  particloa  with 
non-unique  teaponses 

220  Range  III  -  all  particles  above  the  fold  over  In  Curve  C. 
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Closer  examination  of  Table Zdemonsccates  that  all  particles  of  the  test  aeroscl  of  Curve  A  which  fall 
In  Range  1  will  be  oversized  while  those  falling  In  Range  III  will  be  undersized,  and  further  that 
all  particles  which  fall  In  Range  II  will  undergo  a  mora  complicated  tranaformatlon  with  the  net  effect 
being  a  compression  within  this  range  of  the  actual  alee  distribution.  Curve  D  of  Figure  8  shows  how 
all  the  diameter  interval  mappings  of  Table  2  act  on  the  teat  aerosol  to  produce  a  multimodal,  non-log- 
normal  distribution  which  would  be  seen  on  the  display  sereen  of  the  optical  counter.  Hnnce,  at  least 
for  the  case  when  there  exists  a  pronounced  fold  over  in  the  actual  or  callbratsd  response  function,  the 
displayed  size  distribution  contains  many  peaks  and  other  atrueturas  not  contained  in  the  actual  size 
distribution, 

At  this  point  In  our  work,  we  simply  can  not  state  that  the  multivalued  peaks  observed  in  the 
axporlments  of  Figures  1,  2  and  3  are  or  are  not  dua  to  a  fold  over  In  the  response  function  for  fog 
oil  similar  to  tho  one  In  our  example  case  given  above.  However,  baaed  on  the  locations  of  the  peaks 
In  Figure  1,  2  and  3,  Che  gradual  "on-site"  growth  of  the  secondary  peaks,  where  by  "on-slte"  we  refer 
to  the  lack  of  any  steady  progression  of  the  peaks  along  the  diameter  axle.  It  Is  out  opinion  that  the 
multivalued  peaks  of  Figure  1,  2  and  3  are  not  duo  to  a  possible  fold  over  in  the  response  function 
for  fog  oil,  but  due  to  some  other  nechanlem  such  as  condensation  or  coagulation.  Possible  conditions 
for  the  formation  of  a  bluodsl  distribution  from  a  unlmodal  distribution  will  be  dlscussad  In  the 
next  section.  We  do  expect,  however,  to  obeerve  e  fold  over  In  the  reeponee  function  for  fug  nil,  ae  we 
heve  meeeurad  tho  refractive  Index  for  fog  oil  to  be  1,31  on  an  Abba-3L  rafractometer ,  and  have 
observed  fold  overs  In  some  preliminary  experiments  measuring  the  reeponse  functions  for  both  polysty¬ 
rene  latex  with  a  refractive  Index  of  1.59  @  X-5893X  and  for  CargllJe  type  E/AA  refractive  Index 
liquid  with  a  refractive  Index  of  1.45  9  X-5893K.  Thum  It  eeame  appropriate  at  this  point  to  experi¬ 
mentally  determine  the  extent  of  the  expected  fold  over  in  the  fog  oil  response  function. 

FORMATION  OF  A  BIMODAL  DISTRIBUTION!  CONDENSATION  AND  EVAPORATION^ 

Calculations  on  the  behavior  of  evaporating  and/or  condensing  aerosols  reveal  mechanisms  by 
which  biraodul  particle  size  distributions  can  develop  in  aerosols  originally  having  slnglo-mode 
distributions.  One  such  mechanism  Is  the  Interaction  between  Raoult's  law  governing  such  colllgatlve 
properties  uasaturated  vapor  pressure  depression  and  the  Kelvin  effect  relating  vapor  pressure  to 
particle  surface  curvature.  The  diameter  growth  rate,  for  a  two- componnnt  particle  conaistlng 
of  a  non-volatlle  solute  In  a  volatile  solvent  is  given  by 
1)  -  K  F(K„)  (Se-S) 
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where  K  la  e  conatant  Involving  phyalcal  characterlatica  auch  aa  the  equilibrium  vapor  preaauie  of 
the  volatile  component,  the  dlffualon  coefficient  of  the  vapor,  etc;  la  the  Knudsen  number  (ratio 
of  the  mean  free  path  to  the  particle  radius);  S  Is  the  ratio  of  saturated  vapor  pressure  ct  the 
aurfaca  of  the  droplet  to  the  aaturated  vapor  presaura  over  a  flat  aurfaoe  of  the  pure  aolventi  and 
S,  la  the  envlroiusental  aaturatlon  ratio  with  reapect  to  puro  aolvent.  The  factor  K  F(Kn)  can  be 
evaluated  aa  « 

25 


whore  D  la  the  droplet  dianetar  in  nietona*  The  droplet  aaturatlon  ratio  S  la  governed  by  Kohler 'a 
equation  combining  Raoult'a  law  and  the  Kelvin  affeett 


3) 


S  = 


D^-Q;)fry»C-  )f^) 


where  0^  la  the  diameter  of  a  droplet  whloh  would  contain  only  the  aoluto  preaent  in  a  aolution 
droplet  of  diameter  D,  i7  la  the  surface  tension,  la  the  aolvent  nolaoular  volume,  k  la  Boltrmaiui'a 
conatant  and  T  is  the  absolute  temperature,  For  typical  val.ues  of  physical  quantlcleaj  Equation  3 
becomes 


4) 


5CP.  oj  -  e^C- 


where  D  and  are  in  micrometers. 


Suppose  that,  Initially,  an  aerosol  is  a  log-normally  alee  distributed  collection  of  .iropleti  of  a 
given  non-volatile  solute  mass  concentration  Cg  In  the  volatile  aolvent  In  an  environment  slightly 
superaaturated  with  reapect  to  the  pure  solvent.  The  droplet  diameter  D  la  related  to  the  solute 
"diameter"  and  the  solute  concantratlona  by 

5)  0‘  [>'^e-0KpJ  Qn 

where  Kp  la  the  ratio  of  this  solute  density  to  the  solvent  denelty  (here  taken  to  be  1.),  Similarly, 

where  Dg  Is  the  Initial  droplet  diameter  (distributed  log-nermally.  over  the  aeroao^  For  a  given 
droplet,  C  and  D  va -y  as  evaporation  and  condensation  occur,  but  D„  remains  conatant,  It  can  be 
shown  from  equations  4  ar.d  5  that,  unless  the  given  Inltlnl  concentration  C  is  equal  to  1,  that  Is  the 

droplets  arc  initially  pure  solute,  the  saturation  ratio  S  for  the  smaller  droplets  Is  less  than 

tho  ambient  saturation  ratio  Sg,  and  they  evaporate  toward  the  Kqulllbrlum  condition  S  ■  Sg,  while 

222  Ibe  larger  droplets  S  >  Sg  and  they  prow  by  condensation. 
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Equation  2  can  be  rewritten  and  Integrated  aa  followa. 

7)'  i  -  _ L 

-  \  KfCK.XS#-i)  J 

■'0* 

where  la  the  Initial  pertlola  illanetar  and  Dt  la  the  dianeter  at  tine  t.  Let  the  aaroaol  be 
aufflolantly  dilute  that  coagulation  la  negligible.  Then, If  the  particle  diameter  diatributlon  li 


Initially 


^  *  JL\ 


we  can  find  a  later  diatrlbution  by 


«  it' 


Ihie  equation  relatea  the  diatrlbution  function  at  dlamatar  Dg  at  time  'O'  to  the  diameter  at 
time  'tt'  where  li  the  diameter  attaltiad  at  time  't'  by  a  particle  whose  initial  diameter  waa 
fig  I  and  dfig  ia  tha  width  of  the  dianeter  Interval  containing  the  dM  partiolea  per  unit  volume 
Initially  contained  In  the  Interval  (fig,  fig  -t  dSg).  (Since  there  la  no  coagulation  and  no  particle 
can  disappear  by  evaporation  since  it  eontaina  a  non-volatlla  oonponenti  dN  does  not  change). 
Sinilarlytlf  thr.  initial  diatributlon  is  written 


then  at  time  't' 


Hera,  an  Initial  log  normal  distribution  has  bean  aaaumed,  so  that 

12)  ^co.)  • 

where  Ng  la  the  total  number  concentration,  Og  la  tha  distribution  standard  deviation,  and  la  the 

®  llP 

initial  number  median  diameter.  The  quantity  dDg/dfi,  rspreaentlng  the  change  from  time  'O'  to  time 
't'  In  the  width  of  the  dlamatar  Interval  containing  dN  particles  per  unit  volume,  can  be  obtained 
by  differentiating  Equation  7.  Letua  flrat  write 


13) 


HC  W^SC 


Then,  Equation  7  becomes 
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HemembcrlriK  that  the  dlfferention  la  for  a  given  value  of  't,'  we  can  write 

since  from  Equation  6 

Equation  13  yleldi 


The  aaroaol  haa  baan  aaaumad  to  be  dllutat  ao  that  la  not  changed  appreciably  by  the 
addition  or  removal  of  vapor  from  tha  droplatat  Equations  14  and  17  can  than  ba  Integrated 
numerically  for  aach  Initial  particle  alaa.  Tha  collection  of  voluaa  of  D  and  dDo/dDt  correapondlng 
to  a  collection  of  ialtial  valuaa  of  Dg  can  than  ba  uaad  to  oaleulata  ohangea  In  tha  particle  alaa 
diatrlbution  with  time. 

Integration  of  Equations  14  and  17  dlaoloaa  that  email  partlolae  approach  thalr  equilibrium 
diameter  quickly  while  larger  partlclaa  change  more  alowlyi  the  range  of  dlamatara  between  the 
quickly  and  alowly  changing  partlclaa  la  rather  nerrow  and  provldaa  a  aharply  defined  tranaltlon 
region  which  movea  toward  larger  pertlcla  altee  ae  evaporation  or  condaneatlon  continue.  Within 
this  tranaltlon  region^  a  amall  Initial  diameter  intervel  correaponda  to  a  large  diameter  Interval 
at  time  'ti'  that  la  Dg/D^  la  email  and  tha  particle  alaa  diatrlbution  la  depraaaad  at  thla  value  of 
Df  In  aome  caaea, thla  effect  la  pronounced  enough  to  produce  a  trough  in  the  diatrlbution,  that 
le,  a  blmodal  diatrlbution  davelopa. 


Figures  lOi  lit  12  dlaplay  tha  developmant  of  a  blmodal  dlotrlbutlon  by  thla  machaniam,  Figure  10 
ahowa  thla  initial  log  normal  diatrlbution  with  NMD  .129  um  and  •/,  7.  Figures  11  and  12  ahow 
tha  diatrlbution  after  30  and  100  asconde  raapactlvely  compared  with  tha  initial  distribution  (dashed 
lines).  The  rapid  evaporation  of  the  amall  pertlclea  and  reaultlng  development  of  the  blmodal 
diatrlbution  la  ahown,  as  well  aa  the  shift  toward  larger  particle  slsea  with  tha  trough  aaparating 


the  two  modes. 


The  blmodallty  peaks  calculated  here  ere  at  diameters  aubatantlally  smaller  than  those  observed 
experimentally,  and  may  not  represent  the  same  fflechanlF.ii.  The  calculations  do  show  that  blmodallty 
la  not  an  unexpected  phenomenon  for  small  dlametera. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

In  this  report,  we  have  presented  some  preliminary  experimental  data  on  vaporized/condeneed  clouds 
of  fog  oil.  The  data  aupporta  the  hypotheela  that  the  aaroaol  develops  a  blmodallty  with  time,  the 
effect  being  more  pronounced  at  higher  aeroaol  maaa  concentration.  We  have  attempted  to  reduce  the 
poaaihlllty  that  the  observed  blmodal  dlatrlbutiona  are  artifact!  produced  In  the  optical  counter  as 
well  as  to  atabllsh  a  theoretical  baila  for  the  formation  of  a  blmodol  liquid  aeroaol  from  an  Initially 
unlmodal,  log-normal  distribution.  We  recognise  that  the  assumptions  employed  In  the  theoretical 
development  of  the  blmodal  distribution  were  not  met  In  the  actual  experiments  and  that  the  case 
against  artifacts  in  the  observed  site  distribution  has  not  been  eomplately  closed.  Work  will 
continue  in  both  of  these  directions. 

Tn  an  effort  to  extend  particle  alee  measuraments  below  the  0.3  ym  dlamatar  lower  limit  of  the 
prcient  optical  uountsTi  an  Electrical  Mobility  Analyaar  manufacturer  by  TSI.  Ine.iSt.  Paul,  MN 
has  been  acquired.  The  EKA  has  an  Inherent  else  range  of  0.003  ym  -  dlamatar  ~  0.73  ym  and 
Is  being  Interfaced  to  our  data  acqulstlon  syatem.  The  problem  of  shifting  In  the  optical  counter 
calibration  as  a  result  of  fogging  of  the  probe  lenaaa  can  be  greatly  reduced  by  providing  a  clean 
air  purge  to  the  lenses  whan  no  sample  is  being  taken.  Xhara  is  no  "ready  made"  aolutlon  to  the 
problem  of  saturation  of  the  particle  counter,  but  the  possibility  of  high  order  dilution  sohsmss 
will  be  Investigated  In  a  further  attempt  to  arrive  at  the  absolute  rather  than  the  rslatlvs  slaa 
distribution.  In  addition,  the  present  optical  eyetem's  response  function  for  fog  oil  will  be 
experimentally  determined  using  the  vibrating  orifice  technique  to  control  particle  generation. 

Combining  the  above  Into  a  more  accurate  repreaentstlon  of  the  vaporised/condeneed  aaroeol 
with  Independent  measurements  of  the  refractive  index  for  the  recondensed  fog  oil  at  X  -  0.46  Ifi  ym, 
0.6328  ym,  and  1.15  ym  will  allow  a  direct  comparison  of  the  observed  optical  depths  with  those 
predicted  by  Mle  ecatterlng  theory. 
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DATA  FOXNTS:  Figure  8,  Curve  B  CSASP-IOO-HC  Diameter  Intervals  on  Curve  C  of  Figure  8  Corre- 

Reaponse  Function  apondlng  to  the  CSASP-IOO-HC  Relative  Signal 


„  ,  Strengths  in  First  Column 

Relative  Signal  Strength  Diameter  Range 

_ (ypAisj _ ilia) _ to!). 


0.120V 

- 

0.39AV 

.30 

- 

.34 

^  .247 

- 

0.303 

.39A 

- 

.852 

.3A 

- 

.38 

.303 

- 

.342 

.852 

- 

1.56 

.38 

- 

.42 

.342 

- 

.379 

1.56 

- 

2.50 

.42 

- 

.46 

.379 

- 

.413 

2.50 

“ 

3.55 

.46 

- 

.50 

.413 

- 

.441 

3.55 

- 

A.  60 

.50 

- 

.54 

.441 

- 

.469 

A. 60 

- 

5.38 

.54 

- 

.58 

.469 

- 

.487 

5.38 

“ 

6.05 

.58 

- 

.62 

Rftm 

eZ  .487 

- 

.502 

6.05 

- 

6.68 

.62 

- 

.66 

.502 

- 

.517 

6.68 

- 

7.28 

.66 

.70 

.517 

- 

.531 

7.28 

- 

7.88 

.70 

.74 

.531 

- 

.545 

7.88 

- 

8.A5 

.74 

.78 

.545 

- 

.559 

8.A5 

- 

8.99 

.78 

.82 

.559 

- 

.572 

8.99 

- 

9.50 

.82 

.86 

.572 

- 

.585 

9.50 

- 

10.00 

.86 

.90 

_ 5 

,  .585 

- 

.600 

10.00 

- 

11.36 

.90 

1.00 

7 

.600 

- 

.647,  1.161  -  1.434 

11.36 

- 

12. 6A 

1.00 

1.10 

.647 

- 

.718,  1.072  -  1,161, 

1.434  -  1.508 

12. 6A 

- 

13.91 

1.10 

- 

1.20 

.718 

- 

.856,  .967  -  1,072, 

1.508  -  1.569 

13.91 

- 

15.27 

1.20 

- 

1.30 

.856 

- 

.967,  1.569  -  1.630 

TABLE  2i  List  Of  corresponding  diameter  intervals  taken  from  Figure  8  for  the  CSASP-IOO-HC  and 
example  response  functions.  Both  sets  of  diameter  intervals  correspond  to  the  same 
response  signal  level  set  by  the  manufacturer  for  the  CSASP-lOD-HC. 
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DATA  POINTS;  Flgur*  8,  Curv*  B  CSASP-100>HC  Dlmatar  Int«rv*li  on  Curv*  C  of  Flguro  8  Corra- 

Responae  Function  apondlng  to  tha  GSASP-IOO-HC  Ralatlva  Signal 


Ralatlva  Signal  Strangth  Dlamatar  Range  Strangtha  In  Plrat  Column 

- JMaai _ . _ inaa 


IS. 27 

- 

16.70 

1.30 

1.40  ^ 

1.630  - 

1.693 

16.70 

- 

18.17 

1.40 

1.50 

1.693 

1.758 

18.17 

- 

19.74 

1.50 

1.60 

1.758 

1.830 

19.74 

- 

21.36 

1.60 

1.70 

1.830 

1.908 

21,36 

- 

23.04 

1.70 

1.80 

1.908 

1.997 

23.04 

- 

27.96 

1.80 

2.10 

1.997 

2.301 

27,96 

- 

34.57 

2.10 

2.40 

2.301 

2.705 

34.57 

- 

41.08 

2.40 

2.70 

2.705 

3.032 

41.08 

- 

47.59 

2.70 

3.00 

3.032 

3.338 

47.59 

- 

54.10 

3.00 

3.30  fim 

it  nr  3.338 

3.651 

S4.10 

- 

60.39 

3.30 

3.60 

3.651 

3.967 

60.39 

aa 

66.26 

3.60 

3.90 

3.967 

4.265 

66.26 

- 

71.92 

3.90 

4.20 

4.265 

4.545 

71.92 

- 

77.23 

4.20 

4.5*0  i 

4.545 

4.798 

77.23 

- 

82.48 

4.50 

4.80  < 

4.798 

5.039 

82,48 

- 

87.71 

4.80 

5.10 

5.039 

5.271 

87.71 

- 

93.26 

5.10 

5.40 

5.271 

5.511 

93.26 

- 

99.66 

5.40 

5.70 

5.511 

5.780 

99.66 

- 

104,90 

5.70 

6.00 _ . 

.  5.780 

5.996 

TABLE  2  (Continued);  Llat  of  eorraaponding  dlamatar  intarvala  taken  from  Figure  8  for  tha  GSASP-IOO-HC 
and  axampla  retiponaa  functional  Both  lati  of  dlamatar  Intarvala  correspond  to 
tha  aamc  raapotiaa  signal  leval  sat  by  tha  manufacturer  for  tha  CSASP-lOO-HCi 
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ABSTRACT 

The  amoke/abaourant  data  gathered  in  an  extenaive  field  meaauremant  program  and 
instrumentation  utilized  in  the  oolleotion  are  diaoussed.  Moderate  (Aom*^ )  resolution 
spectral  data  of  amokes/obacurants  vwre  collected  for  use  in  detection  algorithm 
training  and  testing  aa  well  as  use  in  a  soer^ simulation  model,  Sev^eral  rapre* 
aentative  samples  of  field  measured  data  are  presented, 

1.  INTRODUCTION 

The  technique  of  remotely  sensing  the  atmosphere  has  in  recent  years  become  an 
extremely  valuable  tool  for  the  detection  and  analysis  of  vapor  or  small  aerosol 
clouds,  Applications  have  included  a  variety  of  chemical  substancesi  both  natural 
and  manmade,  The  Fourier  Transform  Infrared  or  FTIR  spectrometer  has  proven  itself 
a  versatile  instrument  in  field  measurement  because  of  sensitivity,  resolution,  and 
scon  speed  advantages,  Honeywell  Tactical  Support  Operations  is  currently  developing 
the  XM21  remote  sensing  chemical  agent  alarm  for  the  U.S.  Army  Chemical  Systems 
Laboratory,  This  instrument  is  a  portable  ruggedized  FTIR  spectroradiometer  system 
capable  of  automatic  detection  of  toxic  vapor  clouds. 

In  the  course  of  development,  a  large  speetal  data  base  was  required  for  the 
training  and  testing  of  detection  algorithms.  Among  these  data,  a  large  requirement 
existed  for  Che  infrared  spectral  characteristics  of  smokes  and  obscurants  against 
both  natural  and  manmade  backgrounds.  By  training  tho  detection  algorithms  to 
reject  the  presence  of  spectral  interf erents ,  the  probability  of  false  alarm  is 
greatly  reduced, 
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2.  EQUIPMENT 

To  collect  the  necessary  field  measured  data^  a  prototype  instrumenti  the 
Honeyi/ell  Background  Measurement  Spectroradloraeter  or  BMS  was  constructed.  This 
Instrument  Is  a  single  cube  Mlchelson  Interferometer.  The  scanning  mirror  drive 
assembly  is  a  flex  pivot  or  "porch  awing”  type  movement •  These  two  features  result 
in  an  extremely  temperature  and  vibration  resistant  design)  important  considerations 
in  a  field  instrument.  ZnSe  transmission  optics >  combined  with  a  HgCdTe  detector 

cooled  to  77°1C  provide  excellent  sensitivity  in  the  1200  to  800  cm*^  (8.3  to  12.5  um) 
region.  The  reflective  optics  are  diamond  turned  aluminum.  All  transmission  optics 

are  anti-reflection  coated.  The  optical  Instrumenc  head  was  manfacturad  at  Honaywall 
Electro-Optical  Operations  in  Lexington,  Massachusetts,  The  servo  and  control  elec¬ 
tronics  for  the  BMS  were  modified  from  a  Nlcolet  Instrument  Company  MX-1  laboratory 
Interferometer,  The  result  has  been  an  extremely  reliable  and  versatile  field  instru¬ 
ment.  The  BMS  is  shown  in  figures  1  through  5.  Figure  6  is  a  table  of  applicable 
sensor  parameters, 

The  interferograme  are  generated  by  the  sensor  at  a  rate  of  seven  scans  per 
second.  The  signal  is  digitized  into  1024  16  bit  words  and  then  recorded  by  Engin* 
eeriug  Data  Analysis  system  or  EDAS.  The  EQAS  consists  of  a  ruggedized  Honeywell 
Level  6/43  and  varioua  peripheral  devices.  The  data  are  formatted  by  the  EDAS  and  is 
colleoted  real-time  on  30  megabytes  of  disc  storage.  Experiments  may  be  conduoted 
from  either  a  system  CRT  terminal  or  Kughea  C3  graphics  terminal.  Hie  high  resolution 
graphics  terminal  allows  examination  of  spectral  data  in  the  field.  A  full  size  line 
printer  is  used  to  print  eiinmarieci  of  experimental  and  environmental  conditions. 

Ar.  array  prooessor  (CDA)  ib  linked  to  the  EDAS  to  provide  rapid  processing  (fourier 
transform)  of  the  raw  interferograme  into  spectra.  The  formatted  data  are  stored  on 
tape  via  a  9  track  tape  unit.  A  boresighted  Panasonic  video  system  provides  a  per¬ 
manent  record  of  the  experiment  on  video  tape. 

To  document  the  environmental  conditions  during  these  field  measurements,  a 
Climatronics  electronic  weather  station  was  interfaced  to  the  EDAS  so  that  the 
meteorological  conditions  during  each  scan  would  be  recorded.  The  parameters  recorded 
were  wind  speed,  wind  direction,  temperature,  dew  point,  rainfall,  barometric  pressure 
and  solar  radiation.  The  meteorological  sensors  were  tripod  mounted  away  from  the 
influences  of  the  data  van. 
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The  system  Is  transported  from  site  to  site  In  a  34  foot  laith  Instrument  vani 
This  vahlcle  provides  a  sheltered  envlrontnent  for  the  data  processing  equlfjn.ent. 

Large  cargo  dcors  on  Che  sides  and  rear  allow  eane  In  loading  and  unloading  as  well 
as  a  sheltered  area  for  recording  during  severe  woathert  Ihe  vehicle  Is  self  leveling, 
allowing  for  operation  on  rough  terrain*  Power  for  utilities  Is  provided  from  two 
onboard  7*5  Ww  Kohler  generators*  A  regulated  30  lew  Kohler  la  trallered  behind  the 
'  van  to  provUe  "clean”  power  for  the  EDAS  and  Instruments*  In  this  oonflguratlontup 
to  4  BMS's  cun  be  used  to  record  data  olmultaneously*  The  van  Is  shown  In  figures 
7  to  9*  Figure  10  shows  the  weather  station  rack,  with  mainframe,  digital  displays, 

*  and  chart  recorders,  Figures  11  und  12  show  the  system  (van  and  BMS)  collecting 
data* 


3*  DATA 

The  data  are  stored  as  digitized  1024  1(1  bit  word  Interferograms  on  magnetic  tape* 
Each  experiment  Is  fonnatted  with  a  global  file  header  (figure  13),  subfile  headers 
(figure  14),  and  Interferograms  (figure  15)*  The  global  file  header  lu  b  dooumentatlon 
of  the  sensor,  scene,  and  general  mateorologloal  conditions  for  each  experiment,  With 
each  Interferogram  Is  a  subfile  header  ocntalnlng  Instantaneous  sensor  and  meteorolc- 
gical  parametsrs,  The  result  la  a  aequentlal  record  of  each  experiment*  In  addition, 

16  ambient  and  16  .LM2  temperature  blacKbody  scans  are  recorded  prior  to  each  experiment 
to  allow  calibration  of  the  data  by  removing  the  Lnstrunent  response,  Tho  .ormsl 
collection  sequence  Included  60  seconds  of  background,  90  to  120  seconds  of  dspersal, 

30  seconds  of  trall<off,  and  a  pause  for  clearing  followed  by  a  final  60  seconds  of 
background • 

A  total  of  306  experiments  were  conducted  during  the  BMS  pha)>ie  of  the  XN21  system 
development.  Of  thtse  experiments*  167  Involved  the  presence  of  a  natural  or  manmade 
obscurant .  Many  of  these  weru  In  combination  with  DMMPf which  Is  a  toxic  agent  simulant* 
Observations  were  conducted  at  several  sites  throughout  the  LI,S*  during  all  types  of 
weather,  ranging  from  clear  to  hejvlly  overcast  and  snowing.  Backgrounds  during 
this  measursment  program  incltxled  cky,  terrain,  water,  vegetation,  building,  roads, 
snow,  Ice,  and  other  mlsoellaneous  turgets  such  as  vehicles  or  aircraft*  The  following 
Is  a  list  of  the  types  of  smokes  and  obscurants  observed i 
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Saak«/Qbicur>nf  Data  tea* 

It  White  Phosphorua  -  WP 
2t  Red  Phosphorus  -  RP 
3 1  Plasticized  White  Pfiosphorus  -  PWP 
4.  Allcall  Chloride 
St  Hexaohloroethane  -  HC 

6,  PEQ  200 

7 .  Qreen 
8t  Red 

9 I  Yellow 
10.  Violet 
lit  IR  #1 

12.  IR  #2 

13.  IR  #3 

14.  Fog  Oil 

15i  Oust  (ICaollnltOi  Montmorillonitot  Calcium  Carbonate) 

16 t  Rubber  (Tire)  Smoke 
17.  Fuel  Oil  (Diesel)  Smoke 
18t  Aircraft  Exhaust 
19.  Vehicle  Exhaust 

The  field  measured  data  from  the  above  list  was  utilized  In  the  training  and 
testing  of  the  detection  algorithms' discriminants •  Both  singly  and  in  combinations, 
interferonts  were  procesoed,  as  veil  as  Vati  interferents  in  combination  with  various 
concentrations  of  the  toxic  agent  simulant  DMMP,  From  this  axerclse. both  the  obscur> 
ation  and  spectral  Interierant  effects  on  system  performance  could  be  gauged,  Finally, 
the  snioke/’-'bscurant  data  gathered  In  the  field  were  Incorporated  into  a  realistic  scene 
simulation  model. 

The  scene  simulation  model  Incorporates  the  Lowtran  IV  atmospheric  propagation 
model  with  field  maaeured  backgrounds.  This  model  has  allowed  us  to  fill  in  the  gaps 
In  our  empirical  data  base.  A  file  of  reference  absorptivity  coefficients  la  used 
(via  a  Beer's  law  calculation)  to  generate  several  slabs  of  either  obscurants  or  vapor 
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clouds  In  absorption  or  emission!  The  smoke/obscurant  data  recorded  have  been  used  to 
validate  this  function.  In  addition,  the  use  of  backgrounds  with  smoke  and  other 
obscurants  presents  a  scene  model  which  more  realistically  simulates  conditions  found 
on  the  battlefield.  Given  the  variety  and  complexity  of  backgrounds  that  may  be  viewed 
by  an  IR  sensor  In  the  FLIBA.  It  la  not  surprising  that  a  primary  weakness  of  many 
models  has  been  the  computing  of  reallatlo  background  radiances. 

<<  Several  representative  field  measured  spectra  are  shown  in  figures  16  to  25. 

These  Include  spectra  of  Phosphorus  ,  HC.  Alkali  Chloride.  PEQ  200.  Red.  IR  screening, 
and  several  dust  aiouds.  The  final  spectra  (figures  26  to  28}  illustrate  the  diffl« 
•Qulties  caused  by  Interferents  in  the  detection  of  a  threat  agent  or  simulant  such  as 
DMMP. 

All  the  spectra  shown  are  background  subtraction  plots.  The  spectra  therefore 
represent  the  scene  with  the  obsourant  in  the  FOV  minus  the  scene  prior  to  the  inter¬ 
vention  of  the  target  cloud.  The  spectra  will  show  either  emission  or  absorption 
features  depending  upon  the  relative  temperatures  of  the  target  cloud  and  the  back¬ 
ground.  The  plots  of  spectra  are  in  wavenumbers  (om*^).  Those  plotted  versus 
radiance  values  have  the  instrunent  response  removed.  Those  plotted  vsrsua  Arbitrary 
Units  are  not  corrected  for  instrument  self  radiance  and  are  Intended  to  show  relative 
spectral  features. 

Figure  16  is  a  typical  white  phosphoru)^  spectrum  in  absorption.  Tlie  broad  peak 
centered  at  1030  cm'^  Is  shown  here  In  absorption.  In  most  trials  to  date.thls  peak 
has  been  observed  In  emission  as  shown  In  figures  17  and  18.  Some  atmospheric  flno 
structure  Is  seen  In  the  region  greater  than  1100  cm‘^  an  a  result  of  the  subtraction 
process.  Figure  19  la  the  spectrum  of  an  Alkali  Chloride  smoke  dispensed  at  Smoke 
Week  III.  The  very  broad  absorption  lu  centered  at  approximately  1000  cm"^ .  Instrument 
response  roll-off  vrlth  this  particular  Instrument  has  magnified  the  structure  below 
'850  cm*^ .  Figure  20  ahowa  the  spectrum  of  PEG  200.  The  prominent  feature  at  lOOO  cm-^ 
to  1150  cm“^  displays  sharp  spectral  features.  Typical  alcohols  possess  a  strong  peak 
In  the  1050  to  1100  cm"^  region.  The  peak  In  this  figure  is  presumably  broadened  by 
the  polymeric  nature  of  the  PEG  (polyethylene  glycol)  molecule.  The  effects  of  dusts 
as  observed  by  the  BMS  la  llliistrated  In  figure  21.  As  the  concentration  of  dust  In 
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the  Instrument  FOV  Increase  (1-4)  the  obscuration  effect  correspondingly  Increases. 

HC  Is  the  only  common  military  smoke  we  have  found  to  be  a  significant  obscurant  In 
the  800  to  1200  cm'^  region  of  the  spectrum*  The  very  oroad  peak  at  880  cm*'  (figure 
22)  has  shown  a  tendency  to  significantly  mask  the  features  of  other  spectrally 
Gilgnlflcant  materials  present.  By  contrast*  the  sharp  peak  at  990  cm*'  which  results 
from  red  smoke  (figure  23)  can  usually  be  observed  only  after  signal  averaging 
(ooaddlng)  to  increase  the  signal  to  noise  ratio.  Figures  24  and  25  show  the  broad 
speotrally  obscuring  features  of  Infrarad  soreensrs  1  and  3  as  observed  at  Smoka 
Week  III.  A  typical  DMMP  spectra  Is  shown  In  figure  26.  Figures  27  and  28  Illustrate 
the  degree  of  obscuration  and  spectral  Interference  with  which  a  discrimination 
algorithm  must  cope. 

4.  CONCLUSIONS 

Tlie  field  measurement  program  which  we  recently  completed  has  shown  the  versa¬ 
tility  of  the  PTIR  apectroradlometer  in  field  measurements.  The  characterization  of 
the  spectral  and  obscuration  qualities  of  smokes  and  obscurants  can  be  accomplished 
remotely  by  the  use  of  an  instrument  like  the  BMS.  The  BMS  has  been  demonstrated  to 
be  sufficiently  rugged  and  reliable  in  extensive  use  in  hostile  environmental  conditions. 
In  fact)  very  few  alignment  adjustments  of  the  Interferometers  were  required  despite 
Che  harsh  conditions  to  which  they  were  subjected  (travel,  handling,  explosions,  and 
temperatures  from  0°  to  105°F). 

The  effect  of  smokes  and  obecurants  on  the  performance  of  a  tactically  deployed 
IR  system  must  be  accounted  for  In  Che  development  process.  By  Including  well  docu¬ 
mented  field  measured  smoke/obscurant  data  In  our  algorithm  development  data  base  and 
utilizing  realistic  smokti/obscurant  backgrounds  In  our  simulation  modal,  we  have 
achieved  a  high  level  of  system  performance.  By  consideration  of  these  factors  In 
development  of  this  system, we  have  been  able  to  minimize  the  response  of  the  algorithms  * 
to  spectral  Interferents  and  correspondingly  reduced  the  number  of  false  alarms. 

While  the  Study  of  the  effects  of  these  materials  on  the  performance  of  our 
system  Is  still  In  process,  a  few  comments  can  be  made  regarding  the  general  effective¬ 
ness  of  several  obscurants.  We  have  found  HC  and  PKC  200  be  significant  In 
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screening  portions  of  the  spectral  region  of  Interest  (800  to  1200  ctn"^).  When 
generated  In  sufficient  quantltleS|WP,  RP,  and  the  Infrared  screeners  provide  a 
broad  obscuration  effect.  Tlie  coratnon  military  signal  smokes  we  have  observed  have 
several  spectrally  Interesting  peaks  but  do  not,  in  general,  provide  a  significant 
level  of  obscuration. 

The  authors  would  like  to  acknowledge  the  participation  and  support  of  Ernest 
J.  Webb  of  the  Army  Chemical  Systems  Laboratory,  Remote  Sensing  Branch.  This  work 
was  completed  under  contract  nunber  DAAK11-79-C-0051  for  ARRADCOM,  Chouilcal  Systems 
Laboratory,  Aberdeen  Proving  Ground  (Edgewood  Area)  Maryland  21010, 
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FIGURE  6.  TABLE  OF  K-IS  INSTRUMENT  Pi 
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FIGURE  11.  BtB  OBSERVING  SIMlRJUiX  CLOUD 
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PAGE  3  GLOBAL  PILE  HEADER  LISTING 


.  “  .  *«•■**  HBTEOROLOGXCAL  PARAMETERS  ««• 

ol 

I  ST,  MET  STATION  ID  _  .  .  _ 

"  58,  HINO  DIRECTION  (OEO) 

o  ^  5R,  'UNO  SPEED  (M/8EC) 

'T  60,  .MNO  DIRECTION  TREND  COOE  ..  .  _ 

61.  WIND  SPEED  TREND  CODE 
C'T  62.  VISIBILITY  (KM) 

] _ 63,.  PAST  ,  WE4THeR  COOE  _ 

-  6a.  RRESENT  heather  COOE 

r  ~  65.  barometric  pressure  (MB) 

'  T;; _ ^b6.  _PRE8SURE  TENDENCY  COOE._.  _  _ _ 

j.  67.  AMBIENT  tEMPERATURE 
r  u  68.  OEH  POINT  TEMPERATURE  (DEG  C) 

7 _ ^6’*  OEh  point  TEMPERATURE  TREND  CODE 

:4;  70,  RELATIVE  HUMIDITY  (X) 

I  71.  CLOUD  COVER  CODE 

M _ 72,_  uOW/MioOUE  CLOUD  COVER  CODE  __  _  _ 

~  73,  LOW  CLOUD  height  CODE 

i  ~  74.  LOH  CLOUD  TYPE  COOE 

H _ 75,_ME0IUM  CLOUD  TYPE  CODE  _  _  _ _ 

li-  fib,  HIGH  CLOUO.TYPE  CODE 
c»  77,  AMT  OP  PRECIPITATION  LAST  HOUR 

_ 78. _ ^TIME  PRECIPITATION  STARTED  _ _ 

iJ  T'R.  TIME  PRECIPITATION  "STOPPED . . 

r  ui  80.  AMOUNT  precipitation  during  run 
£ _ 81.  precipitation  rate  during  run  _ 

i'2'.— DEPTH  OP'SNOH  (CM)  '  . 

(  'jr  83.  ATMOSPHERIC  STABILITY  COOE 
10  ea,  SOLAR  RADIATION  (»/M**2) 

7  if,  ‘SUN  AZIMUTH  (OtG)  .  “  -  " 

»  36.  SUN  elevation  (DEC) 

II  67.  DATA  SOURCE  DISTANCE  (KM)  . . . . 

r  111  *****  OPERATOR  COMMENTS  ***** 

1r  CSfZONE  VEHICLE  IN  POV 

t’  7  TRUCK  AT  VARIOUS  RANGES  SEC  VTR  FOR  DETAILS 

^  TEMP,  SENSOR  SEEMS  OK  HINQ  SPEED  IS  INCORRECT 
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FIGURE  13.  SAMPLE  GLOBAL  FILE  HEADER  (cont.) 
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isuai'ii.c.  '.u.  I 

Htr  EnKi'>Lt>oi.t.'>c  . . i 

MU.  ut-  ’ Scams  cuiuiii-u'.i.......  i 

5CALir.i.‘txpOMe''t  -  2««m  -6 

nlMD  DlRECTIOfi  •  ULG  . tb4 

BAftOMtIMtC  PRtSSUHE  -  MU  JOII 

OtA  POINT  TtMp  •  Ott;  C  •  10  .  *6 

SOLAN  NAOIATIOM'-  A/CM**2  *10  668 

ALGORITHM  OUTPUT  (2) .  0 

ALGORITHM  OUTPUT  (R)  0 

NO  CONTRAST  . 0 

4/0  OVtRFLU*  0 

UNOEPINED  . 0 

UNOEFINEO  0 


4UUr  ILL  f’LAuC' 


iiml  I'fru/ue/iu  1  >55  ( ; .  5 . 81)11 


OiiiA  MPb  LUuL  t  •  I I) 

HbAA  LUEAtiun 

MAIN  .  b 

azimuth  Al4GLb  -  L)tG  0 

»IN0  SPEED  -  M/StC  »  10  .  I 

AMBIENT  TEMP  -  DEC  C  •  U  lb8 

TOTAL  PRECIP  -  CM  •  TO  .  0 

ALOOMITHM  OUTPUT  (1)  0 

ALGOHITHM  OUTPUT  (3). ........  0 

ALARM  0 

SENSOR  ERROR  CODE  .  0 

UNOEFIMEO  0 

UNDEFINED  .  n 

UNDEFINED  0 


FILE  NAMEI  C30002.t.l.l 


SUBFILE  header 


SUBFILE  NO.  2 

REFERENCE/SCEnE'  flag .  t 

APOOIZATION  BREAXPOINT  0 

NO.  OF  scans  COAOOf.0,, .......  t 

scaling  exponent  •  2««N  >3 

RlNU  DIRECTICIN  «  OEG  .  t6R 

barometric  pressure  •  MB  lOti 

OEp  point  temp  -  DEO  C  *  10  ,  *6 

SOLAR  RADIATION  -  w/CH**2  *10  668 

algorithm  output  (2) . 0 

ALGORITHM  output  (U)  0 

NO  CONTRAST  0 

A/D  OVERFLQH  0 

undefined  .  0 

undefined  0 


FILE  NAMEl  030002.1.1.1 


TIME  1480/02/20  IbBMiiS.TBO 


DATA  TYPE  CODE  . . I  0 

peak  LOCATION  EA 

GAIN  . . A 

AZIMUTH  ANGLE  ■  DEG  0 

WIND  aPEEt)  >  M/sec  *10  .  1 

ambient  TEMP  -  OEG  C  *  16  IBS 

TOTAL  PRECIP  -  CM  *  10  .  0 

ALGORITHM  OUTPUT  (1)  0 

algorithm  OUTPUT  (3) . 6 

ALARM  0 

SENSOR  ERROR  CODE  .  0 

UNDEFINED  Cl 

UNDEFINED  . 0 

UNDEFINED  0 

>.»••«  ............6.......  ........... 


SUBFILE  HEADER 


SUBFILE  NCI.  3 

REFERENCE/SCENE  FLAG . .  1 

APOOIZATION  BREAKPUINT  0 

NO,  OF  scams  COAUDEO .  1 

SCALING  EXPONENT  -  2**N  -3 

NINO  OIRECTIUN  -  OEG  ........  16R 

BAHQMLTHIC  PRESSURE  «  MB  1011 

DEM  POINT  TEMP  -  DEC  C  *  10  ,  -6 

SOLAR  RADIATION  •  N/CM«*2  *10  668 

ALGORITHM  OUTPUT  (2) .  0 

ALGORITHM  OUTPUT  (4)  0 

NO  CONTRAST  . 6 

A/D  OVERFLOW  0 

UNDEFINED  . 0 

undefined  0 


TIME  1960/02/26  1687:66.900 


DATA  TYPE  CODE  . .  0 

PEAK  location  64 

GAIN  . b 

AZIMUTH  angle  •  DEC  0 

WIND  SPEED  •  M/SEC  *  10  .....  I 

ambient  temp  •  deg  C  *  16  1S8 

TOTAL  PRECIP  •  CM  *  10  .  0 

ALGORITHM  OUTPUT  (1)  Cl 

algorithm  OUTPUT  (3) . 0 

ALARM  0 

SENSOR  ERROR  CODE  .  0 

UNDEFINED  0 

UNDEFINED  .  0 

undefined  0 


FIGURE  14.  SAMPLE  SUBFILE  HFAUERS 
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FIGURE  23.  RED  SI(2SU.  SJ«FE  VS 
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Kclward  K.  Uthe 

Atmospheric  Science  Center,  SRI  Internationa’, 

Menlo  I’.irk,  California  94025 

ABSTRACT 

Mdar  provides  the  means  to  evaluate  quantitatively  the  spatial  and  temporal  variability 
of  SiAoke  and  dust  clouds  as  they  are  transported  dovmwlnd  from  particulate  sources •  Quantitative  evalua¬ 
tion  of  cloud  optical  and  physical  densities  from  cloud  barkscatter  la  complicated  by  effects  from  par- 
V  tide  size,  shape  and  composition  and  by  attenuation  and  multiple  scattering  from  dense  clouds.  Examples 
are  presented  that  Illustrate  use  of  the  Ildar  technique  to  provide  useful  evaluations  of  smoke  and 
dust  clouds. 


*Thl8  paper  Is  schsduled  to  appear  in  the  1  May  1981  issue  of  Applied  Optics  and  thsrefore  is  not 
reprinted  here. 
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PROPAGATION  OF  A  HIGH  POWER  PULSED  COj  LASER  BEAM 
THROUGH  BATTLEFIELD  AEROSOLS* 

Thomas  G.  Miller 
Directed  Energy  Dlrcctoiatu 
US  Army  Missile  Laboratory 
US  Army  Missile  Command 
Redstone  Arsenal,  AL  35898 

ABSTRACT 
1.  INTRODUCTION 

The  propagation  of  a  high  power  laser  beam  (either  cw  or  pulsed)  through  the 
atmosphere  Is  dependent  on  many  factors.  These  factors  Include  the  laser  phase  dlstrl^ 
butlon,  laser  amplitude  distribution,  laser  wavelength,  atmospheric  turbulence,  molec¬ 
ular  absorption,  molecular  saattering,  aerosol  absorption,  and  aerosol  scattering.  If 
the  power  at  the  laser  Is  sufficiently  low  such  that  no  substantial  heating  of  the 
atmosphere  results,  the  power  density  at  the  target  is  proportional  to  the  laser  power 
and  one  is  In  the  linear  regime.  However,  If  substantial  heating  of  atmosphere  occurs 
due  to  absorption  of  the  laser  energy  by  the  atmosphere,  an  Increase  In  the  laser  power 
beyond  a  certain  critical  value  can  actually  result  In  a  decrease  In  the  power  density 
at  the  target  and  one  Is  In  the  nonlinear  regime.  This  particular  nonlinear  effect  Is 
called  thermal  blootnjng.  This  research  effort  Is  concerned  with  such  nonlinear  effects. 

I 

The  purpose  ot  those  experiments  was  to  asBCHs  experimentally,  using  a  high  power  ('\'10‘ 
Joules/cni*/B  at  the  trunsralttor)  pulsed  COj  laser  beam  with  a  relatively  large  output 
aperture,  the  el' foots  of  transmission  through  an  atmosphere  contaminated  with  battle¬ 
field  aerosols.  I'ast  experiments  and  assucliited  theoretical  troatmeiits  usually  have 

1  »  1  fl 

been  concerned  with  solid  purtlelos  or  water  droplets,  including  clouds  .  The  pre¬ 
sent  experiments  were  defiignerl  us  semi-fiold  experiments,  l.e.,  the  atmospheric  para¬ 
meters  wore  partially  controlled,  to  help  aaoertuln  the  interaction  between  a  high 
power  pulsed  COj  laser  beam  and  u  battlefleld-contamlnatod  atmosphere, 


*  These  tests  were  conducted  at  Test  Area  3,  Redstone  Arsenal,  In  addition  to 
personnel  from  the  Dlrncterl  Energy  Directorate,  MICOM,  personnel  from  T&E  Directorate, 
MICOM,  and  White  Sands  Missile’  Range  assisted  In  carrying  out  the  tests.  Porsonnoi 
from  Teledyne  Brown  loislstod  in  data  analysis.  A  document  describing  the  tests  in 
more  detail  Is  b'jlng  ijrepured  and  will  be  publl.shed  In  the  luture, 
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2.  EXPERIMENTAL  PROCEDURE 

2.1  Figure  1  ahuwa  the  basie  experimental  strategy.  A  high  power  .sltu'lle  pu.l ‘ie  CO., 
la.ser  (S’  laser*)  was  directed  downrange  via  a  turning  I'Jat.  Thi'  nul|)ul,  cl  1  .si  r  ibui  I  on 

Of  the  s’  laser  was  a  10cm  by  10cm  beam  with  a  7.68om  X  7.58cm  hole  In  its  center. 

Its  output  energy  was  typically  200  Joules  for  these  experiments.  The  pulse  width  was 
typically  lusec  with  a  gain  sviitch  spike  that  was  typically  4  times  the  aver, age  inten¬ 
sity  of  the  main  pulse.  The  gain  switch  spike  was  about  250ns  wide. 

2.2  The  flat  that  turned  the  S’  pulse  downrange  had  a  square  hole  in  its  center  that 
was  made  to  coincide  with  the  hole  in  the  S’  beam  as  shown  in  Figure  1.  A  cw  laser 
beam  (Model  41  laser**)  was  directed  downrange  through  the  hole  in  the  mirror.  The 
two  beams  were  oolinoar.  As  shown,  the  beams  passed  through  artil’icully  created  aero¬ 
sols  and  were  incident  either  on  a  calorimeter  to  record  the  energy  from  the  s’  laser 
or  on  a  diffuse  reflector  (target  board)  which  recorded  the  image  of  the  41  laser  via 
an  IR  scanning  camera***.  The  Moael  41  typically  was  operated  at  200  watts. 

2.3  It  was  possible  to  record  the  percent  transmission  of  the  pulsed  lusor  by  meas¬ 
uring  the  energy  at  the  laser  and  the  energy  at  the  target  site.  It  also  was  possible 
to  detect  changes  of  the  index  of  refraction  in  the  laser  path  caused  by  the  pulsed 
laser  by  recording  the  cw  laser's  imago  before  and  after  the  loser  pulse.  Detection 
of  punch  through  could  be  detected  by  either  or  both  tecbniiiuos . 

2.4  Figure  2  shows  an  overall  sketch  of  the  experimental  layout,.  It  was  iK-eldi.'d  that 
an  enclosed  path  for  the  laser  beams  should  be  used  so  that  Iho  utinosphor  I  c.  viirluljlos 
could  bo  monitored  and  controlled  to  u  certain  extant.  Two  MET  Stutlona  wore  iocuted 
along  the  tunnel  and  were  manned  by  the  Atmospheric  Scicncos  Laboratory.  They  moii.ourocl 


+  The  s'  Lusor  was  manul'aclured  by  Systems,  Science,  and  SoL'lwnro,  San  I'Dainc  1  hco 
Division,  l>.  O,  Hox  4803,  Hayward,  CA  94604 

+  ♦  McjdoJ  41  Laser  was  manutacturod  by  Spectro-Physics  ,  1250  Wont  M  i.dd  1 "  i  1 "  l.il  limul. 

Mountain  View,  CA  94012 

♦♦*  IH  Seutinlng  Camera,  Model  APL-IH,  u  pulsed  la.ser  data  aciiuls  1 1. 1  on  .system,  was 
tiianuf  aclured  by  EGSiG  ,  A  i  buiiueniue  Division,  Government.  Si'rvlr.e.s  and  Hy.slein.s  Dpe  i-ii  t  I  on  , 
liGSiG  In,.'ori)uruLi'd ,  9731)  Coni-.s  NW,  A1  liuiiueriiuo ,  NM  K7  1 14 
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ubaorptlon  coet'E icienta  directly  using  spectrophones  and  measured  particle  s^ze  distri¬ 
butions,  number  densities,  temperature  and  other  parameters  necessary  for  character¬ 
izing  the  aerosols.  The  door  from  the  Beam  Transmitter  Room  faced  a  small  hill; 
for  convenience  a  ditch  was  dug  which  served  as  a  partially  enclosed  path  for  the  laser 
beams.  The  top  and  ends  of  the  ditch  were  covered  with  polyethylene,  which  provided  an 
enclosed  propagation  path.  Holes  were  cut  In  the  ends  which  allowed  the  laser  beams 
to  pass.  As  can  be  seen  from  Figure  1.  It  was  136  meters  from  the  Beam  Transmitter 
Room  to  the  target  site.  The  distance  from  the  Beam  Transmitter  Room  to  the  entrance 
of  the  tunnel  was  30  meters.  The  length  of  the  tunnel  was  100  meters;  hence,  It  was 
S  meters  from  the  tunnel  exit  to  the  target  recording  site. 

2.5  Figure  3  shows  the  experimental  arrangement  In  the  Beam  Transmitter  Room.  As  can 
be  seen,  in  addition  to  the  Model  41  and  S\  a  low  power  ow  laser  (Model  42  laser*) 
was  used  as  a  monitor  laser  to  continuously  measure  the  extinction  coefficient  at 
10.0  microns  as  a  function  of  time.  As  will  be  mentioned  later,  this  served  as  the 
primary  source  of  Information  for  determining  when  to  fire  the  S’  laser. 

2.6  Figure  4  shows  the  experimental  arrangement  at  the  target  site.  The  power  meter 
measured  the  power  collected  from  the  Model  42  laser  as  a  function  of  time.  The  beam 
from  the  Model  42  was  split  with  a  beam  splitter  at  the  Beam  Transmitter  Room;  hence, 
by  monitoring  tho  power  from  the  Model  42  at  both  the  Beam  Transmitter  Room  and  the 
target  site,  any  fluctuations  in  power  of  tho  Model  42  could  be  noted.  The  Model  42 
was  typically  operated  with  a  total  output  power  of  20  watts,  with  10  watts  directed 
dowrange  with  a  telescope  to  the  indicated  detector,  To  view  the  image  of  the  cw 
(Model  41)  laser,  its  beam  was  allowed  to  impinge  on  a  diffuse  reflector  and  the  re¬ 
sulting  imago  was  recorded  by  un  IKuiuanning  camera.  The  highest  camera  tipaed  was 

BOO  frameu/M,  although  for  these  experiments,  the  framing  rate  was  usually  2B0  frames/s. 

2.7  TSilO  niroctorato,  MtCOM,  also  monitored  and  visible  wavelength  transmission 
during  the  tests  using  the  indicated  sources. 


♦  Model  42  I, user  was  manufactured  by  Spisctro-Physics ,  1250  West  Middletiold  Road, 
Mountain  View,  CA  1)4042 
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2.8  Figure  .'5  shows  a  photograph  oi  the  enclosed  Transmission  Tunnel  taken  from  the 
entrance  end  of  the  tunnel. 

2.0  Figure  6  shows  a  photograph  of  the  Beam  Transmission  Room.  In  the  loft  fort,-- 

groundione  can  see  the  Model  41  laser  on  the  table  along  with  the  expansion  telescope, 
which  expanded  and  focussed  the  beam  from  the  Model  41.  The  output  beam  from  the 
Model  41  was  approximately  Sam  in  diameter  and  was  gausslan  In  shape.  On  the  right  of  . 
the  picture  one  can  see  the  exit  window  from  the  S*.  Alsu  shown  on  the  right  Is  the 
output  mirror  with  the  hole  where  the  two  beams  from  the  S'  and  Model  41  are  combined 
and  directed  downrange.  At  the  upper  left  one  can  nee  the  monitor  laser  (42)  which 
was  used  to  continuously  monitor  the  extinction  coefficient  In  the  Transmission 
Tunnel. 

2.10  Figure  7  shows  a  block  diagram  of  the  laser  firing  sequence.  The  IR  transmission 
was  determined  with  no  smoke  proaent,  using  the  Model  42,  A  background  run  also  was 
made  on  the  IR  scanning  camera.  Smoke  was  released  and .following  the  firing  sequence 
as  indicated  in  Figure  7,  datavwrs'  accumulated  as  a  function  of  absorption  coefficient. 

3.  RESULTS  AND  CONCLUSIONS 

3.1  Figure  S  ahowe  the  diffraction  pattern  of  the  S'  laser  at  (a)  the  laser,  (b)  the 

entrance  to  the  tunnel,  and  (o)  the  target  site,  without  smoke  in  the  tunnel.  As  can 

be  Been  from  the  diffraction  pattern  at  the  entrance  to  the  tunnel,  the  hole  almost 
has  filled, so  that  a  moderately  homogeneous  beam  existed  at  this  point  for  the  S'  laser 
beam.  As  can  be  aeen  from  the  diffraction  pattern  at  the  target,  the  S'  laser  has  an 
almost  textbook  far  field  diffraction  pattern,  thus  indicating  very  good  beam  quality, 

3.2  Figure  9  shows  a  plot  of  E/E^vs,  absorption  coefficient  for  the  pulsed  laser,  ' 

where  E^  Is  the  output  energy  of  the  S'  laser  and  E  is  the  energy  in  the  pulse  us 

recorded  at  the  target  site.  The  ratio  E/E^  is  a  measure  of  the  transmission  through 

the  aerosols.  The  solid  curve  is  a  theoretical  plot  of  E/E^  "  e~  where  k  lo  the 
path  length,  a  constant.  Clearly  any  indication  of  punch  through  will  result  in 
experimental  measurements  with  points  falling  above  this  theoretical  curve.  As  cun  be 
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seen,  the  measured  points  do  i’all  above  the  theoretical  curve,  indicut int"  some  punch 
through  or  path  clearing  i'or  white  phosphorus.  Vflthln  the  experimental  uncertainty 

of  the  measurementB,  there  is  complete  clearing  of  the  path  for  extinction  coeffi¬ 
cients  of  about  2.6  km~‘  or  less.  The  deviation  from  the  theoretical  curve  becomes 

less  at  higher  values  of  the  extinction  coefficient.  This  is  as  one  would  expect,  since 
'an  increasing  amount  of  energy  la  required  to  clear  the  path, 

3.3  The  daehed  curve  shows  a  theoretical  fit  to  the  data  using  analytical  expres- 

1  Q 

sions  of  Lee,  Miller,  and  Jones  developed  for  propagation  of  laser  beams  through  a 
fog.  They  make  the  assumptions:  (1)  the  laser  beam  is  collimated,  (2)  absorption 
and  extinction  cross  sections  are  linear  functions  of  the  droplet  radius,  and  (3) 
volumetric  oonduoiion  from  the  droplet  can  be  neglected.  One  would  expect  the  fit  to 
be  improved  by  adjustment  of  the  analytic  expression  to  account  for  focussed  beams  and 
to  take  into  account  the  composition  of  the  droplet*  and  not  to  assumt  thay  are  com¬ 
posed  of  water.  These  Improvements  currently  are  being  made, 

3.4  If  punch  through  does  exist,  one  would  expect  to  see  an  increase  In  the  intensity 
of  the  Model  41  ow  laser  Just  after  the  S'  pulsed  laser.  This  in  fact  was  observed. 
Figure  10  shows  computer  plots  of  frames  from  the  IR  Scanning  Camera  Just  before  the 
pulsed  laser  and  for  20  ms  after  the  pulsed  laser.  These  data wsrs taken  when  the  ex¬ 
tinction  coefficient  was  24  km~ ‘ .  As  can  be  seen,  immediately  after  the  S'  pulse, 
several  peaks  occur  in  the  recorded  distribution  which  appear  to  die  away  as  a  func- 

,tlon  of  time  us  one  would  expect  us  the  punched  holes  fill  due  to  thermal  diffusion. 


*  Current  estimates  are  that  the  droplets  are  phosphoric  acid  plus  attached  water 
molecules, depending  on  relative  humidity. 
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FICIURE  2.  OVERALL  SKETCH  OK  EKI'ERIMENTAL  LAYOUT. 
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FIGURE  4.  EXPERIMENTAL  ARRANGEMENT  AT  THE  TARGET  RITE. 
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FIGU:U;  7.  BLOCK  OIAGBBM  SHOnKG  LASEK  FIBIHC  SEQUENCE. 
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KIGUKE  8.  DIFFRACTION  rATTERN  OF  PULSED  LASER  AT 
(a)  LASER,  (b)  ENTRANCE  TO  SMOKE  TUNNEL,  AMD  (c)  AT  TARGET  SITE. 
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ABSTRACT 


This  paper  describes  «  set  at  aerosol  maeeuranenta  to  determine  the  atfect  at  a  countermsesure 
smoke,  white  phoephorus  (WP),  on  a  pulsed  hlgh-ener(y  laser  (HBL)  been.  An  analyila  of  the  aaroaol 
(gaseous  and  particulate  airborne  material)  waa  used  aa  the  baila  (or  ealeulatlona  of  evaporative  clear* 
lug  and  application  was  made  to  a  given  spaclfle  test  situation,  Linear  propagation  properties  forming 
the  basis  (or  the  10,()im  pulsed  lasar  nonlinear  affacto  are  obtained  relatively  directly  by  using  spec- 
^  trophone  absorption  and  extinction,  a  light  scattering  particle  spectrometer  and  nephalomatera  (particle 
density  as  a  function  of  radius  and  mass  loading),  and  dew-point  hygrometer  (partial  praasure  of  water 
vapor).  General  conclualone  are  that,  for  the  amoka  produced  by  burning  WP,  a  C02  pulsad  HEL  beam  can 
clear  the  optical  path  quits  rapidly  and  afflclantly.  The  absorption  after  clearing  Is  eauaad  by  the 
residual  vapors  and  la  much  lower. 


1 .  INTRODUCTION 


In  this  paper  aerosol  characterisation  measuramenta  are  analysed  for  prediction  of  ceuntarmaaeura 
aerosol  effects  on  a  high-energy  laser  (HEL)  beam.  Although  the  general  principles  are  applicable  (or 
various  beam  parameters,  our  calculations  will  be  oriented  toward  those  of  a  pulsed  CO^  laser  (10,6utu 
wavelength)  with  a  pulse  length  of  about  3|js  and  a  total  beam  energy  of  about  200  J,  The  focus  of  this 
effort  will  be  Che  affect  due  to  evaporative  clearing.  The  basis  (or  thermal  blnomlng  (atmospheric 
leiising  due  to  thermally  created  density  gradients  In  the  beam)  (Oebhardt,  1976),  the  other  major  non- 
Llnuar  effect,  will  be  established  by  describing  heating  of  the  ambient  gases  and  particles.  Threshold 
calculatlnns  show  that  the  3ua  pulse  of  these  tests  Is  short  for  strong  blooming  effects. 


These  measurements  ware  performed  In  conjunction  with  a  test  of  an  HEL  having  the  parameters 
described  above.  The  beam  traversed  a  trench  approximately  100  m  long,  Thu  trench  was  covered  with 
polyethylene  forming  a  relatively  closed  environment  In  which  the  smoke  was  dispersed  and  then  measured 
as  a  function  of  settling  time.  Most  of  the  characterisation  was  parfornod  ec  the  midportions  of  Che 
trench  and  aanumud  to  approximate  a  spatial  average  since  the  smoke  mixing,  diffusing,  and  settling 
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TABLE  I.  WP  CHARACTERIZATION  INSTRUMENTATION 


Measurement 

Extinction  absorp¬ 
tion,  coefflctente  at 

10*6um 

System 

CO^  laser  apoctro- 

phone 

Manufacturer 

ASL 

Parelela  counting  and 

Active  cavity,  light 

Particle  Measurement 

siting 

scattering  alngle 

eyeteme  (Model 

particle  spectrom¬ 
eter,  HeNe 

ASASP-X) 

White  light  volume 

Nephelometer 

Heteorologleel 

aeattaring  ooaffl- 

Reeeerch  Instruments 

elanti  calibrated  to 

naaaura  absorption 

for  the  amoka  of 

phosphorus 

(Model  20SOB) 

Ralativa  humidity  and 

Dew-point  hygrometer , 

Bdgerton-Oarmehauaen 

partial  presiura  of 

water  vapor 

thermometer 

and  Orlsr  (Model  880) 

Of  thi  •biofblng  gataoui  conitltuanii  at  10>6M>>t  water  vapor  waa  expactad  to  ba  by  fnr  tha  itron- 
gaati  Tha  vary  high  tanparaturaa  and  dew  polnta  produced  In  tha  traiich  by  the  greenhouae  affects 
raaulted  In  ralatlvely  high  partial  praaaurea  and  thua  high  gaaeuua  absorption  coefflelanta.  The 
Edgarton-Garrachauaan  and  Orlar  (RG&O)  condenaatlon  plate  daw-point  hygrometer  wns  uaed  to  obtain  the 
water  vapor  partial  preaaurea  from  which  the  water  vapor  absorption  coefficients  were  computed. 
Although  alte-paeullar  gaeaa  are  poaalbla  contributors,  contributions  to  tha  net  lO.bum  absorption  coef¬ 
ficient  due  to  other  ambient  gaeea  can  ba  raaaonably  aatlmatad.  Relative  humidity  values  obtained  from 
tha  dew  point  and  tampsraturc  data  ware  also  uaed  to  eeraputa  fractional  water  content  of  the  vary  hygro¬ 
scopic  smoke  of  burning  phosphorus*  This  computation,  in  turn,  was  used  to  datermlne  the  appropriate 
complax  rafractive  index  and  other  physical  properties  of  the  iraoke. 

The  dtitrlbutlon  of  partlclee  with  respect  to  eiae  la  Important  since  the  cslcnlationn  of  the  non- 
llnoar  effects  ere  alio  generally  alee  dependent.  The  instrument  used  (ASASP-X)  had  been  subjected  to 
294 laboratory  testa,  first  with  particles  of  known  sliea  to  determine  accuracy  In  alslng  nnd  then  with  the 
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smoke  of  phosphorus  to  dotermLno  respooaa  to  high  deitsltlesi  Calibrations  with  respect  to  absolute 
doiistty  for  each  Lncrement  of  particle  radius  are  difficult  to  perform  with  accuracy  and  have  not  been 
ai'compllshud  for  this  Instrumeuti  As  stated  then,  the  form  of  the  particle  size  distribution  was  the 
ubJecL  of  this  meiiBurpmont.  Thu  absolute  magnitude  of  the  absorption  was  obtained  by  using  another 
Cachni(iu«--the  speotrophonu . 

The  authors'  application  of  spectropbonsa  to  atnospbarlc  gasss  and  partieulataa  ia  documented  in 
the  literature  (Bruce  end  Pitmlek,  1977;  Bruce  eC  al  1980)  and  In  another  paper  of  thaae  proceedings 
(Bruce,  Yaa,  and  Duran  1981)>  In  a  more  recant  publication  (Bruce  and  Yee,  1980),  the  authors  discuss 
their  spscttophone  research  on  the  smoke  of  UP,  The  particular  lyitan  used  for  thaia  maaiurameuts  waa 
designed  for  field  use  and  if  tunable  and  stablllaad  for  enveral  ICpm  laser  lines.  Vigors  1  shows  a 
schematic  crois  seetlun  of  this  system. 


3.  AMBIENT  ABSORPTION 


The  ambient  gas  and  particulate  absorption  coatficlanta  ware  measured  before  the  casta.  The  par*- 
tlculate  absorption  was  obtained  Indirectly  by  uelng  particle  counting  results,  lorenfMle  calculations 
were  baisd  on  those  dots  and  compleK  refractlvs  indleaa  for  soil-based  (clay)  dust.  Though  not  really 
preciie,  this  technique  ueuslly  Is  accurate  within  a  factor  of  three,  The  ambient  level  of  particulate 
absorption  (coefficient)  was  found  to  be  approKlmatcly  10~^  km"*.  The  total  (gaseous  and  psrtlcuiaCo) 
absorption  coefficient  as  maasursd  by  the  spectrophohe  was,  as  rxpactsd,  much  higher.  Conditions  within 
the  trench  were  relatively  repeatable  from  day  to  day.  Typical  parameters  for  calculations  and  I'r.lcu- 
lated  values  arc  shown  on  table  It, 


TABLE  II,  CALCU1,ATBD  RANGE  OF  QABBOUB  ABSORPTION 
COEFFICIENTS,  a,  IN  TRENCH  (PRE-SMOKE  TEST  VALUES) 


Date/ 

Time 

Qaw  point 
Tamparaturu 

_ (*0) _ 

Partial 
Pressure  H^i 

..  Jturr) 

a 

)  “yO 

(ko-‘) 

0 

CO  2 

9330  ppm 
(km-‘) 

a 

Total 

(minus  trace  gBBca) 

...  ..  ...(_k«‘‘)  . 

28-29  Jul 

A-5  pm 

80 

26.2 

0.66 

O.OB 

0.74 

30  Jul 

5  pm 

89.0 

33.0 

l.U 

0.08 

1.19 

3  Aug 

1 L  am 

8R.B 

3A.8 

1.09 

0.08 

1.17 
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The  partial  water  presaure  waa  baaad  on  nxcrapulattnna  from  the  data  of  Yin  et  al  (1968),  and  the 
roaolta  were  baaod  on  data  of  Shumatu  ct  nl  (1976),  about  11  pernent  lower  for  thoae  partial 
proaauruB.  Onu  tunnel  aer.tlon  (within  A  m  of  the  meiiaurement  aystema)  waa  removed  for  the  28-29 
Auguat,  A  to  1  pm  tlraea.  Tlio  aectlon  cover  waa  relnatalli  d ,  before  the  aeroaol  teats,  and  the  data  here 
for  30  July  and  3  Auguat  art  for  conplately  covered  tranche*. 

The  meaiurad  ga*aou«  ebiorptlon  coefficient  eorraiptindlng  to  the  fleet  example  (data  of  28-29  July 
1980)  waa  l.l  kn~^.  Probable  error  figure*  on  thl*  maaeurenent  are  not  preelee  but  are  eatlroated  to  be 
0.2,  largely  becauae  of  tumporal  variation*  due  to  unknown  eourcaC*).  Higher  than  predicted  value*  of 
the  abeorptlon  coefficient  frequently  occur  lit  A8i<  field  neaeurement*  of  ambient  abeorptlon  at  lOum 
wavelength* ■ 

Abaorptlon  due  to  trace  eonetltuent*  could  elevate  the  value  ronelderably,  A  rough  rule  nf  thumb 
la  that  trace  gaa  abeorptlon  (within  an  abeorptlon  band  region)  often  raachei  or  exceed*  1  (ppm-km)**^ 
and,  of  couree,  1  ppm  1*  nut  a  high  concentration, 

A.  AEROSOL  9»ARACTERIZATI0N  FOR  TESTS 

Aoroeol  eharacterleatlon  for  two  teat  eltuetlon*  will  h*  dlecueeed.  The  detaa  and  approximate 
etartlng  time*  are  Hated  aa  the  latter  two  example*  In  table  It  (Information  for  30  July  1980  and  3 
Auguat  1960).  The  meet  notable  difference  in  the  conduct  of  thtieu  two  teeti  li  the  time  of  day.  Aero- 
eol  characterletlce  were  etmllar,  In  the  mean. 

The  procedure  we*  to  Ignite  phoaphoroui  emoka  grenadne  In  the  trencli  at  about  the  one-quarter  and 
thrue-quarter  length  poeltion*.  The  emoke  dlapereed  roughly  over  a  2-h  period  during  which  oerueol 
tiieaeuremcnts  were  made.  The  date  and  enelyeae  will  be  praionted  a*  function!  of  the  evolving  orroaol 
■  yetiim  and  Impllcetlone  for  nonlinear  effecte  will  be  dlacuuaed, 

Particle  alee  dlatrlbutlon  evolved  generally  ■■  expected  from  prior  laboratory  meaaurumenta  on  the 
namu  luroaolj  thnt  li,  the  mean  denaltlea  decreaeed  and  the  peak  moved  to  prugreaalvely  emaller  aliina. 

Figure  2  reptesont*  a  plot  of  the  differential  absorption  baaed  on  the  particle  alee  dtatrlbu- 
tlon.  The  abaorptlon  peak  occurs  at  a  radlua  of  about  L.2um  aooi,  after  the  amoke  t*  dlspersad  and 
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decreaacn  relatively  smoothly  to  about  O.Aint  In  roughly  2  hj  In  the  same  time  the  peak  absorption  level 
has  dropped  roughly  two  orders  of  magnitude.  Kt  the  midpoint  In  this  2-h  evolution,  80  percent  of  tlie 
absorption  occurs  within  a  radius  span  of  approximately  0.30pm. 

Tha  background  particulate  absorption  (~  10"^  km~^)  Is  rapraaented  by  the  lovraat  curve  labelud 
16A1,  that  la,  before  tha  smoke  was  released. 

The  total  absorption  coefficients  as  calculated  from  the  particle  else  and  danalty  Information  are 
plotted  aa  a  function  of  time  In  figure  3.  for  thla  praaontatlon,  l^mln  avaragai  obtained  at  approxi¬ 
mately  lO-mln  Intervals  aru  connected  by  atralght-llna  aegmanta.  Thaaa  values  are  much  lower  than  those 
of  tha  apectrophone  meaeuraraanta.  Tha  apactrophone  ylaldad  abaorptlon  and  extinction  eoafftctant  paak 
valuua  (In  aaparate  iMnauramenta)  of  about  200  and  220  kn**^,  while  tha  part  Ida  counter  raault  waa  much 
lower.  Thla  difference  la  believed  to  be  due  primarily  to  low  counting  eftlctanolea  and  sampling  arrora 
In  unknovm  proportloni.  Aa  tha  purpoae  of  altlng  and  counting  for  thaaa  taita  was  to  obtain  nssaure- 
menti  of  tha  form  of  tha  alee  dlatrltautlon  aa  a  function  of  time  rather  than  absnlutn  valuaa,  thla  dif¬ 
ference  la  not  a  problem.  Prior  calibration  of  tha  countac  uilng  monodlaparaa  aaroaola  precludes  italng 
as  a  prime  aourca  of  error,  hlkawiaa,  the  optical  conatants  and  ealculatlonal  schema  Introduce  uncer- 
tainttaa  that  are  vary  small  eonpsred  with  the  dlfftranoa. 

The  largest  ilaa  partlcloa  arc  most  Important  In  the  calculation  of  the  total  abaorptlon  bacause  of 
tha  rapid  Increase  with  particle  mdlus  of  the  Lorena-Nle  efl'lcleney  factor  for  the  abaorptlon  croaa 
aectlon.  Therefore,  tha  apparent  Incrcnno  with  time  tn  the  donaltlea  of  tha  relatively  amstl  partlclea 
(whoao  algnuls  are  probably  maNked  In  the  counter  by  those  from  the  larger  partlclea)  to  not  of  concern 
here,  A  d«slgiied-tn  charscterlNllc  of  the  counter  la  also  partly  sf  fault  In  thla  misrepresentation 
which  CMUsan  s  "tulllng-of t"  effect  In  the  stgnsla  representing  progressively  amnlVar  ataes. 

Cnlculatlona  to  follow  arc  hnsod  on  the  peak  abaorptlon  values  which  agrua  well  with  the  aiithoi's 
pruvloua  prudlctlons  baaed  on  laboratory  luensurementa  (Bruce  and  Yee,  1980)  (within  15  percent). 


The  measnremont  nf  extinction  coefficient  derived  from  power  lose  In  the  apectrophone  Is  a.itlafac- 
tnry  at  high  villnon  (early  In  the  test)  but  la  not  useful  below  10  km"'  dun  to  the  iiuestlun  of  pownr 
muter  drift.  Ktgiiro  4  shows  the  ettlnctlon  coefficient  for  the  taut  of  flgutu  3.  The  nlope  of  the 
decrufotl  ng  uKtfnctlon  cocfftcleiU  with  time,  however,  agrees  well  with  thnt  fonnri  by  using  the  PHS  par¬ 
ticle  counter  diitn.  An  cLiv.lronlc  problem,  presumad  to  bu  overhestlnil  of  system  eleclronlcs  proventL^ 
in)m|)lctc  compiirlsnn  uf  spent roplionu  nhaurptlon  data  for  this  test. 
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FIGURE  3.  CALCULATED  ABSORPTION  COEFFICIENTS  AT  10.6mII1  \ 
FOR  SMOKE  OF  PHOSPHORUS  DURING  FIRST  TEST. 
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Time  varlaMv'ni  culleJ  Erora  the  extinction,  the  density  distribution,  ni;d  the  absorption  nieasuri'- 
laents  at  the  Inuatlon  of  the  apparatus  were  greater  than  a  Eactor  of  five  for  Incegnitlon  times  less 
than  3  a  ar.d  about  a  factor  2  to  3  for  integration  times  of  lU  s.  However,  a  spatial  density  average 
over  as  much  ns  10  percent  or  greater  volume  of  the  tri  nch  probably  varies  less  than  20  percent. 

Teicperaturea  In  the  trench  were  somewhat  lower  than  the  temperatures  In  the  first  test  even  though 
the  second  tests  were  during  middcy  (the  30  July  test  was  later  In  the  sflerncun).  Particle  alee  dis¬ 
tributions  and  their  evuluMon  in  time  were  elmllar  In  form  though  the  corrosive  action  of  the  stnobe' 
caused  a  reduction  In  particle  counter  laser  power  tor  this  test.  The  spectrophone  measured  peak 

absorption  and  extinction  values  wsre  virtually  the  sane  at  200  km~^.  Absorption  coefficient  as  a  func¬ 
tion  of  tine  for  this  test  la  show.i  In  figure  S>  For  a  resolution  time  of  about  2  m,  the  magnitude- 
fluctuates  by  more  than  an  order  of  magnitude.  The  sene  data,  whan  averaged  over  about  a  minute  for 
each  of  the  sampling  periods,  yield  a  much  more  steady  decrease.  This  decrease  has  nearly  the  aane  mean 
slope  as  that  calculated  from  the  particle  counter  data  though  the  magnitudes  are  vrry  different. 

The  reduction  of  the  relative  humidity  resulting  from  the  Introduction  of  the  smoke  into  the  tunnel 
was  calculated  and  a  partial  pressure  change  of  less  than  0.1  torr  wau  obtained.  This  change  la  negli¬ 
gible  for  effects  of  interest  here. 

S.  EFFECT  OF  EVAPORATIVE  CLEARING  ON  HIGH  POWER  BEAMS 

The  tendency  to  punch-through  the  absorbing  countermeasure  aerosol  UP  Is  of  prime  Interest  here, 
and  parameters  from  the  two  slmllsr  tests  will  be  used  as  a  basis.  The  thermodynamic  and  optical  bases 
for  the  calculations  will  be  applied  by  using  laser  beam  parameters  relevant  to  a  system  whose  beam 
parameters  are  to  be  described  (US  .\rmy  Missile  Command  [MICOM]  S^  system).  Cllckler  (1971)  and  Sutton 
(1978)  used  elaborate  (but  still  Inexact)  Integral  solutions  to  describe  clearing  by  fog. 


6.  CALCULATIONS,  PART  Ii  EVAPURATIo.:  OF  SINGLE  PARTICLES 

Particles  are  first  heated  to  boiling  T,  assuming  spatially  uniform  heating  of  the  particle,  and 
then  energy  Is  added  to  evaporate  then,  that  Is 
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FIGURE  4.  MEASURED  EXTINCTION  COEFFICIENT  AS  A 
FUNCTION  OF  TIME  DURING  THE  FIRST  TEST. 
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FIGURE  5.  SPECTROPHONE  MEASUREMENTS  OF  ABSORPTION  COEFFICIENT 
AS  A  FUNCTION  OF  TIME  FOR  THE  SECOND  TEST, 
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>  tha  bulk  danalty  of  tha  phoaphocoua  amoka 

»  etia  ■paelfte  haat  of  tha  bulk  anoka  natarlal 
■  tha  radii  of  partlelaa  and  baaa 

>  tha  Lorana-Mla  afflelancy  for  tha  aaeka  partlelaa 

a  the  latant  haat  of  vaporliatlon  of  tha  bulk  anoka  auitarlal 


Tha  auat  of  thaaa  two  procaaaaa  rapraaanta  tha  total  baaa  anargy  which  haa  paaaad  tha  plana  of  a 
particle  of  radlua  Rp  at  tha  Clna  of  evaporation,  that  la, 
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An  examination  of  tha  8^  Itaar  pulaa  Intaualty  profllaa  lad  to  tha  auggaitlon  that  tha  pulaa  bo 
nodalad  aa  triangular  In  time,* 


Hera  It  la  aaauaad  that  tha  particle  la  vaporlaed  and  vaporouc  at  tlaa  t'l  Tha  flrat  almpllfylng 
aaaunptlon  la  juatlfled  alnca  clearing  la  a^faetlve  whan  partlcla  dlaaatera  are  raduead  In  boiling  by 
conaldarably  laaa  than  an  order  of  magnltudo  (aaa  fi^-ira  2)>  Tha  aacend  aaaunptlon  followa  from  kinetic 
calculatlona  ahowlng  chat  dlaparaal  veloeltlea  aro  aufflclant  to  fona  an  effective  vapor  ataca  within  an 
Interval  very  abort  eonpared  with  tha  pulaa  duration. 

Figure  6  ahowa  tha  problan  achanatlcally , 
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*8111  .lonea,  MICOH,  private  eomnunlcatlon 
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FIGURE  6.  USER  PULSE)  EXPENDITURE  OF  ENERGY. 


Now  th«  «nargy  (or  powor)  danalty  dlatrlbutlon  In  thi  boom  must  bs  datsrmlned.  Tha  JoL>  It  tlmpll- 
flad  tinea  tha  Tatar  output  It.t  llna-iquarsi  that  It,  two  palrt  of  parallel  tllti  In  orthogonal  direc¬ 
tions.  The  approach  It  to  attlmata  tht  distribution  of  energy  In  tha  far  field  paetarn  or  that  In  tha 
area  under  the  twin  tilt  Intensity  protlle. 

I  iiiii  X  [poti  u)  , 


Ua  utt  the  far  field  burn  pattern  and  tha  doubla-tllt  part  of  tha  calculation  to  find  tht  critical 
dlmentloni  that  lti  B  "  4.53S  x  10^. 


The  distribution  of  energy  In  the  lobes  la  given  In  tabl'i  Ill. 


TABLE  III. 

DISTRIBUTION  OF 

ENERGY  IN  PAR  FIELD  BEAH 

LOBES  FOR  LASER 

Lobe* 

Number 

Fercent  E 
per  Loba 

Percent  E  per  Lobe 

Tiobe  Area 
(em“2) 

Energy  Density  per  Lobe 
fo'  “total  “  200  J 
(J/era^) 

0 

18.7 

7.19 

14.4 

1 

8.5 

4.47 

8.94 

2 

6.3 

3.32 

6.64 

3 

3.-’ 

1.95 

3.90 

4 

1.5 

0.79 

1.5B 

5 

0.3 

0. 16 

0.32 

^Increasing  away 

from  center 
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The  time  for  Individual  partlclea  to  avaporata  and  the  fractional  energy  remaining  to  be  trani- 
mlttad  after  clearing  will  be  calculated.  The  clearing  affect  aa  a  function  of  the  total  smoke  absorp¬ 
tion  will  than  be  obtained. 


The  clearing  process  affectively  reduces  the  absorption  to  gaseous  levels  which  ace  much  lower, 
that  li,  to  near  normal,  atmoapharle  lavals.  The  scattering  la,  of  course,  also  greatly  raducedi  how¬ 
ever,  fur  the  smoke  of  WP,  the  fraction  of  COj  laser  beam  enargy  scattered  to  that  absorbed  Is  Isss  than 

0 

10  percent.  The  atmospheric  propagation'  Is  therefore  related  to  tha  punch-through  affect  In  a  form 
illustrated  In  figure  7. 


Tablea  IV  and  V  ahow  rapid  and  affective  clearing  as  a  function  of  smoke  particle  alts  for  a  rela¬ 
tive  humidity  of  3S  percent.  Carller  data  show  that  vary  few  particles  are  larger  than  Rp  ~  Apm  and 
that  the  clearing  efficiency  la  almost  Independent  of  site  to  that  point  because  of  the  Inorsasa  In 
Lorens-Mle  efficiency  with  radius  (up  to  Rp  -  Apn)  In  spits  of  the  growing  mast  to  be  evaporated.  Coin¬ 
cidentally,  this  convenient  independence  dlaappaars  for  tha  larger  particles.  Tha  last  column  rep- 
reaenta  the  single  particle  efficiency  of  punch-through  or,  in  other  words,  the  percentage  of  energy 
available  after  evaporation.  Tha  transmission  Is  not  unity  at  that  point  (as  was  mentioned)  but  reverts 


FKJURE  7.  ILLUSTRATION  OF  RELATIONSHIP  LETWEKN 
LASER  PULSE  AND  PROPAPnTION  PARAMETE'’S 
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TABLE  IV.  PARAMETERS  OF  SINGLE  PARTICLE  CLEARING  AS  FUNCTIONS  OF  PARTICLE 
SIZE  AND  BEAM  LOBE  NUMBER  FOR  E.roTAL  *  200  J  AND  Tp^j^gg  •  3.2us 


Center 

Lobe  (0) 

Energy 

-  40.0  J 

Tim*  to 

Fraction  of  Energy 

(^) 

Qo 

Bvaporat* 

In  Remaining 

(pm) 

Portion  of  Pulaa 

0.01 

0.00202 

1.68  X  10~‘ 

0.90 

O.OS 

0.0101 

1.68  X  10“l 

0.90 

0.10 

0.0203 

1.67  X  10" 1 

0.90 

O.IS 

0.030S 

1.67  X  10"^ 

0.90 

0.20 

0.0311 

1.32  X  10"‘ 

0.92 

0.40 

0.0828 

1.64  X  lO'l 

U.90 

0.60 

0.127 

1.60  X  10"l 

0.90 

1.0 

0.222 

1.92  X  lO'l 

0.91 

2.0 

0.490 

1.38  X  10"‘ 

0.92 

4.0 

0.904 

1.90'  X  10"^ 

0.91 

8.0 

1.217 

2.29  X  10‘1 

0.87 

10.0 

1.269 

2.72  x  10" 1 

0.84 

IS.O 

1.2600 

4.20  X  10“ 1 

0.76 

20.0 

1.2123 

6.00  X  10"l 

0.66 

7.  CALCULATIONS,  PART  III  COLLECTIVE  EFFECT 

From  th«i«  rtiult*  on*  c«n  calcultt*  th*  n*t  cloartng  affact  on  th*  baam.  Thli  phunomanon  will  be 
llluitritad  In  th*  following  calculation*.  For  thla  purpoa*  tha  partlel*  ala*  corraapondJng  tn  th*  peak 
abaorptlon  for  aalactad  lattllng  tlnaa  will  be  uaad. 

Th*  axpandltur*  of  energy  a*  a  function  of  aaroaol  loading  can  ba  calculated  from 
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I'MlAMETliKS  OF  CLEARING  FOR  SPECIFIC  CONDITIONS  (SECOND  TEST) 
AND  USING  PARTtCLB  RADII  OF  PEAK  ABSORPTiON 

Time:  1159 
Run  Number  7716 

-  3'Ow 

Rp  I  .Oua 
Qa  -  0.2217 


Beam  Lobe 
Number 

^raax 

Tlma  to  Boll 
and  Evaporate 

Fraction  of  Energy 

In  Remaining 

(from  center) 

<W) 

(u»> 

Portion  of  Pulaa 

0 

l.Bl  X 

10’' 

2.12  X  10"‘ 

0.86 

1 

8.21  K 

106 

3.50  X  10" ‘ 

0.78 

2 

6.09  X 

10  6 

4.83  X  10"^ 

0.70 

3 

3.57  X 

lO*" 

8.90  X  10“ 1 

0.49 

4 

1.45  X 

10 

>3.0 

0.0 

S 

2.90  X 

10® 

>3.0 

0.0 

whara  t'  U  tha  tlma  to  evapotata  and  la  the  total  pulaa  duration.  Kara  t'  will  Lava  baan 

Incraaaad  over  that  of  tha  alngla  partlola  (unction  aa  a  raault  of  tha  maaa  loading.  For  partlclea  of 
given  ilaa  and  conpoaltton,  t'  la  an  Invaraa  function  of  P^^k*  (L)  rapraaonta  tha  path  langth  within 

tha  aaroaol  medium.  Tha  tlma  to  evaporate  at  a  given  position  along  tha  trench  la  now  dapandent  on  that 

A 

poaltlon  although  the  above  equation  la  urlttan  ai  though  It  depend!  only  on  the  end  point.  Thla 
ilmpllflcatlon  does  not  algnlf Icantly  alter  the  reaulta  hare.  For  the  calculatlona  to  follow,  open  air 
dlsparaal  of  WP  waa  atiumad)  tharafnra,  tha  peak  abaorptlon  la  for  partlclea  of  Ipm  to  I.Zmo  radius  (aaa 
early-time  data  of  figure  2).  The  relative  improvement  In  the  energy  transmitted  when  punch-through  ^ 

occurs  Is  shown  In  table  VI.  Tha  Improvamant  In  energy  transmitted  la  truly  significant  (compare 

columns  4  and  8)— even  though  the  pulsed  laser  on  which  tha  calculated  paramatars  were  based  on  a  rela¬ 
tively  small  one.  The  smoke  of  phosphorus  clears  significantly  for  a  fairly  broad  ranga  of  aerosol 
absorption  coefficients  (or  alternatively  a  range  of  aerosol  mass  loading  values).  For  relatively  low 
absorption  coefficients,  clearing  can,  of  course,  do  little  to  enhance  tha  total  energy  transmitted. 

The  enhancement  due  to  clearing  datarmlned  by  tha  above  presentation  extends  to  absorption  coafflclents 
Ilf  several  tens  per  kilometer  (typical  field  values)  for  even  the  relatively  low  energy  system  of  these 
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tests.  Cli  ifliij',  lonllnues  to  be  significant  foe  tills  (.iml  other  volatile)  aerosols  to,  ro'  _ . 

loading  .'ll  will. 'll  bi'om  energy  is  ronaimiud  In  the  evaporation  process.  Screening  of  available  energy  for 
pa  r  1 1  e  1 1's  iMi'iln'r  rroiii  the  aoiirru  cauaen  a  slgnlflcanL  Increase  In  I'  at  about  15  km“ '  lliuugh  the 
lucruuae  ili'pemlu  utnu'wh.U  on  lai'turs  aiu'h  ns  particle  size  and  relative  Immldlly. 

Qencrully,  thermal  blooming  and  avaporuttvu  clearing  effects  ate  Interactive (  that  Is,  the  power 

density  U\  affected  by  the  thermal  blooming  which  In  turn  affects  the  evaporative  clearing.  Thermal 

e 

blooming  depends  on  beam  parameters  (power  density i  pulse  length,  and  pulse  shape)  and  atmospheric 
parameters  (gaseous  and  particulate  absorption,  crosswinds,  end  turbulence).  Blooming  effects  on  the 
test  beam  have  boon  calculated  not  to  be  strong  fur  the  given  beam  parameters t  therefore,  for  this  anal- 

V 

ysts,  those  eftecls  have  been  Ignored. 

a.  CONCLUSIONS 

Aeroaul  charncturlsatlon  perforned  on  the  suoke  of  WP  was  used  to  calculate  punch-through  or  syspo- 
ratlvo  c.luarlng  on  a  pulsed  CO^  laser  beam.  This  effect  can  be  significant  for  HRL  use,  High  energy 
pulsed  Ca._,  laser  beams  can  effectively  penetrate  phosphorus  (red  phosphorus  and  WP)  ccuntermsssurs 
smoke,  though  the  degree  u!  ufflclency  depends  on  beam  and  aerosol  parsmeters.  This  ef fectlvcntss  la 
related  tn  the  volatility  and  absorbing  qualities  of  the  amokc  partlclia.  Repetltlva  and/or  long  pulses 
can  encounter  etrutig  thermal  blooming  which  counteracts  the  clearing  effect  due  to  the  high  levtl  of 
aerosol  .abaurptiun.  Thu  report  dUr.usses  the  development  of  uii  analytical  model  and  its  appllcstton  to 
aeroBol  pirametura  tliat  derive  from  measurements  In  an  extended  eueVoeure  at  the  MICOM  In  lluiitavllle, 
At,  end  ihi'ii  to  auroaol  paruineteca  that  are  more  typical  of  atmospheric  dispersion  of  the  amolte  (reprs- 
.  sented  iirlmiirlly  hy  relatively  large  diameter  particles).  The  laser  beam  parameLera  In  both  eases  are 
relevHiU  lu  the  MlCoH  high  uneigy  reaeare.h  laser.  The  aerosol  absorption  moaeuremont  syatcran  employed 
in  aitu  I'.eronul  upeetruphuiiuH  duvnlopucl  at  ASL.  Thermal  blooming  la  calculated  tn  be  minimal  for  the 
beam  par.-imuleia  el  the  MICOM  (S^)  laser  ns  used  In  these  tests  and  therefore  Is  not  expeeted  to  algnlfl- 
cantly  uffuul.  the  e.iloiilat  lonii  of  tho  clearing  phenomenon. 
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TABLE  VI.  PARAMETERS  SHOWING  EFFICIENCY  OP  PUNCH “THROUGH 
FOR  E^toT^  -  AO  J  FOR  CENTER  LOBE 


(U 

'i, 

Aerosol 

Absorption 

CosEflclenc 

(2)  (3)  (4) 

On-Tsrget 
Energy 
t'  Without 

Time  i;o  Clearing, 

a  X  L  EvaporaCa  B/40 

(L  ■  10~^  km}  Aerosol  for  a  a  L 

C5) 

pulSQ 

''pulaa 

(6) 

'^pulse 

(J) 

(7) 

(5)  X  40 
(J) 

(8) 

On-Target 

Energy 

With 

Clearing 
(6)  +  (7)/40 

0.0 

0.0 

1.32 

X 

10“' 

1.00 

0.953 

1.9 

38.1 

l.on 

0.1 

0.001 

1.54 

X 

10“' 

0.99 

0.952 

1.91 

38.08 

1.00 

O.S 

0.03 

1.60 

X 

10“' 

6.95 

0.950 

1.9 

38.00 

1.00 

1.0 

0.10 

1.68 

X 

10“' 

0.90 

0.948 

1.89 

37.90 

0.99 

1.5 

0.15 

1.78 

X 

10“' 

0.86 

0.944 

1.91 

37.80 

0.99 

2.0 

0.20 

1.87 

X 

10“' 

0.82 

0.942 

1.92 

37.70 

0.99 

2.5 

0.25 

1.97 

X 

10“' 

0.78, 

0.938 

1<92 

37.50 

0.98 

3.0 

0.30 

2.08 

X 

10"' 

0.74 

0.933 

1.92 

37.40 

0.96 

4.0 

0.40 

2.30 

.X 

10“' 

0.67 

O.930 

1.93 

37.20 

0.98 

5.0 

0.50 

2.56 

X 

10*' 

0.61 

0.920 

1.95 

36.80 

0.97 

10.0 

1.00 

4.34 

X 

10“' 

0.37 

0.864 

2.01 

34.60 

0.92 

15.0 

1.50 

7.56 

X 

10"' 

0.22 

0.764 

2. OB 

30.60 

0.82 

20. U 

2.00 

1.41 

X 

10“'' 

0.14 

0.559 

2.47 

22.40 

0.62 

21.0 

2.10 

1.63 

X 

10“'' 

0.12 

0.491 

2.45 

19.60 

0.55 

22.0 

2.20 

1.92 

X 

10“'' 

0.11 

0.400 

2.64 

16.00 

0.47 

23.0 

2.30 

2.34 

X 

10"'' 

0.10 

0.2fi9 

2.93 

10.80 

0.34 

23.3 

2.35 

2.70 

X 

iiri" 

0.095 

0.156 

3.21 

6.24 

0.24 

23.7 

2.37 

2.97 

X 

lO'i' 

0.093 

0.072 

2.45 

2.88 

0.16 

23.8 

2.38 

>3.2 

X 

lO"' 

0.093 

— 

24.0 

2.40 

>3.2 

X 

10“'' 

0.091 

..... 

— — 

— 
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NEAR-IR  EXTINCTION.  BACKSCATTER.  AND  DEPOLARIZATION  QF  SMOKE  WEEK  III  AEROSOLS 

Z.  G.  Szlankay,  D.  McGuire,  J.  Griffin,  W.  Mattery,  G.  Martin  and  G.  Wetzel 
US  Arny  Electronics  Research  and  Development  Commarid 
Harry  Diamond  Laboratories 
Adelphi,  MO 

ABSTRACT 

The  0.9  uni  extinction  coefficient,  backscatter  coefficient,  and  depolarization  were  measurud  at 
SmokR  Week  III  In  various  conventional  and  experimental  smokes.  The  laser  Instrumentation  was  situated 
near  the  middle  of  the  main  sampling  line  and  provided  localized  measurements  of  these  parameters  as  a 
function  of  time.  The  spatial  resolution  of  the  measurements  was  about  1  m. 

The  backscatter  properties  of  WP,  RP,  HC,  fog  oil,  various  experimental  IR  screaners,  and  other 
aerosols  are  compared,  Some  of  the  IR  screeners  were  found  to  have  very  high  depolarization,  In  contrast 
to  negligible  depolarization  for  tho  conventional  aerosols.  The  backseatter»to-ext1nct1on  ratios  for 
some  of  the  IR  screeners  were  also  found  to  be  significantly  higher  than  for  the  conventional  smokes  6r 
the  cumulus  and  stratus  clouds  measured  previously. 

1 .  INTRODUCTION 

The  Harry  Diamond  Laboratories  (HOL)  performed  0.9  um  extinction  coefficient,  backscatter  coeffi¬ 
cient,  and  depolarization  measuraments  at  Smoke  Week  HI J  The  HDL  short-range  laser  backscatter  probe 
(or  nephelomatai')  makes  local  measurements  of  these  parameters,  as  a  function  of  tine,  at  Its  position 
In  the  aerosol  cloud.  The  probe  was  1n  the  Instrument  cluster  area^  that  was  near  the  32-m  tower,  where 
It  was  planned  to  have  the  center  of  the  aerosol  cloud  drift  for  each  trial.  The  HDL  measurements  and 
data  analysis  were  partially  supported  by  PM  Smoke/Obscurants  and  Naval  Weapons  Support  Center. 

Knowledge  of  the  extinction  coefficient  1s,  of  course,  necessary  to  determine  the  thickness  of  an 
aerosol  cloud  through  which  a  system  can  see  a  target.  The  backscatter  coefficient  Is  Important  for 
determining  the  signal  magnitude  backscattered  Into  a  system  such  as  a  fuze  or  tanget  designator:  this 
signal  may  causa  falsa  target  Indications.^’^  The  ratio  of  the  extinction  to  backscatter  coefficients 
Is  an  Important  parameter  that,  under  most  conditions,  deterjnlnes  the  maximum  aerosol  buckscattered 

e 

signal  fnr  a  given  system  from  a  pnrtlcular  aerosol  type,  Independent  of  concentration.  One  possible 
method  for  discriminating  between  an  aerosol  backscattered  signal  and  a  legitimate  target  signal  Is 

3 

based  on  polarization  effects.  The  measurement  of  depolarization  effects  of  ae'^osols  Is  Important  to 
assess  the  feasibility  of  such  techniques.  Both  the  extinction  to  backscatter  ratio  and  the  depolar¬ 
ization  of  the  aerosols  can  also  provide  Information  about  the  aerosol  particles  themselves,  such  as 
aspherldty.  Such  Information  may  be  important  In  the  development  of  new  types  of  screening  aerosols. 

Z.  DESCRIPTION  OF  THE  EXPERIMENT 

The  laser-backscatter  probe  Is  a  short-range  Ildar  system  comprising  a  0.9  pm  GaAs  Injection  laser 
transmitter  and  two  nearly  identical  receivers.  The  transmitter  3-dB  pulse  width  Is  around  5  ns.  The 
receivers  employ  narrowband  optical  filters,  avalanche  photodiodes,  and  wideband  impllflers  (risetime 
<?.  ns).  They  are  located  close  to  and  on  either  side  of  the  transmitter.  The  transmitter  optics  form 
a  narrow  pencil  beam  having  a  divergence  of  about  15  mrnd;  the  fields  of  view  of  the  receivers  are 
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At  Smoke  Week  III,  the  transmitted  radletlon  was  linearly  polarlred  by  means  of  a  sheet  polarl/er. 
One  receiver  had  no  pol8r1^er  while  the  other  had  a  linear  sheet  polarizer  that  was  crossed  with  respect 
to  the  transmitter  polarizer.  The  two  receivers  were  syirmetrlcally  located  and  allcjned  with  respect  to 
the  transmitter  so  that  they  had  nearly  Identical  sensitive  regions.  The  alignment  of  the  system  at 
Smoke  Week  111  1$  Illustrated  In  figure  1;  the  range-response  function  for  the  two  receivers,  which  may 
be  obtained  by  walking  a  diffuse  target  towards  the  transceiver,  Is  shown  In  figure  2.  Thus  the  two 
receivers  observed  the  total  and  the  cross-polarized  aerosol  baekscatter  from  the  same  mO.8  m  3-dB  width 
region  In  the  aerosol.  Actually,  the  scattering  angle  of  the  received  radiation  was  177,3il.9  deg, 
rather  than  pure  baekscatter. 

A  diffusely  reflecting  target  was  positioned  In  the  beam  3.2  m  from  the  probe  (see  figure  1).  At 
this  distance,  the  system  sensitivity  to  aamsol  baekscatter  Is  very  low  (tee  figure  2),  but  because  the 
target  reflectivity  was  high  (oBO  percent),  the  signal  reflected  from  the  target  could  be  readily 
observed,  Furthermore,  the  system  response  time  was  sufficiently  fast  to  separate  this  signal  from  the 
aerosol  baekscatter  signal  peaked  at  1,5  m. 

The  system  has  an  Internal  reference  feature  which  provides  pulse-to-pulse  monitoring  of  system 
variations.  The  light  from  the  laser  Is  coupled  by  fiber-optic  cables  both  to  the  transmitter  optics 
and  directly  to  the  detectors,  The  extra  length  of  the  cable  to  the  transmitter  optics  provides  a  10-ns 
delay  between  the  system  monitoring  reference  pulse  and  the  aerosol  return  pulse.  This  delay  is 
sufficient  to  resolve  the  two  pulses  In  time  so  that  no  overlap  occurs.  Absolute  callbratinn  of  the 
backscattered  signal  Is  obtained  by  measuring  the  return  at  the  peak  of  the  rango-rrsponse  function 
(1.5  m)  from  a  standard  reflector  before  and/or  after  the  aerosol  measurements. 

The  received  pulses  are  amplified  and  Input  to  a  Tektronix  R7912  Transient  (Mqltlzer.  In  part  be¬ 
cause  It  Is  desired  to  run  at  pulse  rates  hlfihe**  than  the  0  Hz  that  the  digital  mode  of  this  Instrument 
allows,  the  R7912  Is  used  as  a  scan  converter,  whereby  the  video  pulse  return  data  are  read  In  TV  format, 
For  each  frame,  the  laaer  Is  pulsed  twice  s»1  ms  jpart,  the  two  receiver  channels  alternately  feeding  the 
R7912.  An  example  of  a  frame  as  observed  on  a  TV  monitor  Is  shown  In  figure  .3.  The  two  traces  run  from 
top  to  bottom  Instead  of  laft  to  right  because  of  a  modification  of  the  R7912  wade  at  HDL  to  simplify 
subsequent  digitization.  The  time  axis  thus  runs  downward,  while  signal  deflections  from  the  baseline 
are  to  the  left.  The  trace  on  the  right  Is  for  the  unpolarlied  receiver;  that  on  the  left,  for  the 
cross-polarized  receiver.  Each  trace  contains  three  uequentlal  but  resolved  pulses:  the  reference 
signal,  the  aerosol  backscattered  return  from  1.5  m,  and  the  target  return  from  3.2  m.  Each  frame  1s 
also  provided  with  a  frame  code  (not  seen  In  figure  3),  The  data  are  recorded  on  video  tape  and  later 
digitized  and  entered  Into  a  minicomputer  for  data  reduction,  display,  and  processing. 
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FIGURE  1.  LASER  BACKSCATTER  PROBE  CONFIGURATION  AT  SHORE  W££R  HI. 


FIGURE  Z.  SYSTEM  RANGE-RESPONSE 
t  diffuse  target  as  a  function  of 


FUNCTION.  Response  of  the  two  melvers 
range,  normalized  to  unity  at  peak. 
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FIGUr>E  3.  TV  MONITOR  DIOrlAY  OF  A  DATA  FRAME.  The  tine  scalft  runr 
downward  and  spans  50  ns;  signal  deflections  are  to  left,  Unpolarized 
receiver  trace  is  on  right,  cross  polarized  on  left.  Signal  deflectioris, 
in  sequence,  are  the  reference  pulse,  the  aeroscl  backscatter  pulse,  and 
the  diffuse  target  pulse.  Fraif*  is  from  trial  14. 


•f  ? 


FIGURE  4.  AEROSOL  IRf2— TRIAL  14.  The  aero'ol  is  being  generated  to  the 
of  the  photograph  and  is  drifting  towards  the  HDL  instrumentation  in 
the  shiny  foil-covered  large  box  visible  at  Me  far  left. 
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Figure  <1  1s  a  photograph  taken  during  Smoke  Week  III,  trial  14.  The  expor 'mental  aerosol  IRf2  Is 
being  generated  by  an  XM49  smoke  generator  to  the  right  (.f  the  photo,  and  Is  drifting  north  toward  the 
main  sampling  line  (aerosol  concentration  and  slzo  distribution  mea'-urlng  Instruments  mounted  on  bar¬ 
rels),  the  32-m  tower,  and  the  Instrumentation  cluster.  The  laser  hacksnatter  probe  Is  contained  within 
the  shiny  foil-covered  1.5  ir  x  1.5  ir  x  3  m  box  visible  to  the  left  of  the  large  tower  and  just  above  the 
sampling  line,  and  Is  not  yet  Immersed  1n  the  aerosol  cloud.  The  box  Is  insulated  and  air-conditioned 
N  and  contains  the  probe,  other  HDL  Instrumentation,  anu  the  dara  recording  equipment.  The  laser  beam 
emerges  at  a  height  of <»3  m  from  a  window  In  the  back  of  the  box  (not  seen)  and  Is  aligned  parallel  to 
the  sampling  line,  and  thus  approximately  perpendicular  to  the  direction  1fi  which  the  aerosol  particles 
t  are  drifting  with  the  wind. 

The  backscatter  probe  was  located  j^iil  m  west  and  m  north  of  the  test  grid  center.  The  latter 
point  was  on  the  main  sampling  line  vary  r.>ar  the  32-ir  tower.  For  all  the  sutoke  trials  discussed  In 
this  paper  except  trial  9,  the  aerosol  was  generated  on  a  line  parallel  to  and  70  m  south  of  the  main 
sampling  line;  the  position  of  the  smoke  geiie“ator  along  this  line  was  chosen  with  the  goal  of  having 
the  wind  blow  the  center  of  the  aerosol  cloud  to  the  grid  center.  Thus  the  HDL  position  waswSO  m  from 
the  smoke  generator.  For  trial  9,  the  source  of  the  smoke  was  distributed  ai  six  positions  from  QO  to 
105  m  south  of  the  main  sampling  line. 

The  aerosol  concentration  observed  at  the  HDL  position  was  quite  variable,  sometimes  changing 
rapidly  with  shifts  In  the  wind  direction,  This  was  especially  true  for  the  trials  where  the  amount  of 
aerosol  generated  was  not  large,  as  was  the  case  for  the  experimental  smokes  like  the  one  shown  In 
figure  4.  For  some  trials  only  the  edge  of  the  aerosol  cloud  hit  the  HDL  position,  and  for  some  others 
the  aerosol  missed  the  position  altogether.  Thus  the  magnitude  of  the  measured  extinction  and  back¬ 
scatter  coefficients  depended  on  these  factors  as  well  as  on  the  concentration  of  the  aerosol  generated 
and  on  the  efficiency  of  the  aerosol  as  a  scatterer  of  0.9  urn  radiation. 

The  extinction  coefficient  wis  determined  from  the  attenuation  of  the  signal  from  the  diffuse 
target  at  3.2  m.  The  spatial  **esolut1on  in  the  beam  direction  of  this  measurement  Is  therefore  3.2  m. 

The  backscatter  coefficient  was  determined  basically  from  the  signal  measured  In  the  unpolarlzed  receiver 
from  the  aerosol  backscatter  In  the  region,  centered  at  1.5  m,  where  the  system  response  was  significant, 
The  Uepolai  Izatlon  was  determined  from  the  ratio  of  the  1.5  m  backscatterert  signals  of  the  cross-polar¬ 
ized  and  unpolarized  receivers.  The  resolution  of  the  latter  two  measurements  In  the  beam  direction  Is 
therefore  roughly  1  m. 

The  spatial  resolution  available  In  the  direction  perpendicular  to  the  beam,  and  therefore  approxi¬ 
mately  In  the  direction  of  advance  of  the  aerosol  cloud,  depends  on  the  pulse  repetition  rate  and  wind 
velf'clly.  The  repetition  rate  used  at  Smoke  Week  III  was  30  Hz.  This  corresponds  to  a  D.l  m  resolution 
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of  the  aerosol  nonunlforniltles  In  the  direction  of  a  3  m/t  wind  perpendicular  to  the  sampling  line.  To 
Increase  the  s1gne.l-to-no1se  ratio  and  to  average  non  uniformities  In  the  aerosol  cloud  In  the  direction 
of  the  wind  that,  are  of  a  smaller  scale  than  the  system  resolution  In  the  direction  of  the  beam,  a 
number  of  frames  were  usually  averaged  together  before  the  scattering  parameter  calculations.  For  the 
above  example.  If  10  frames  are  averaged  together,  the  time  resolution  degrades  to  1/3  s  and  the  spatial 
resolution  In  the  wind  direction  to  »1  m,  compatible  with  the  resolution  In  the  perpendicular  direction. 

3.  CALCULATION  PROCEDURE 

3.1  EXTINCTION  COEFFICIENT 

The  extinction  coefficient  o  Is  defined  from  Beer's  lew  describing  the  attenuation  of  a  collimated 
light  beam: 


I  ,  ,»oL 

To  • 


(1) 


where  I  Is  the  Intensity  after  traversing  a  distance  L  of  aerosol,  and  1^  Is  the  Initial  Intensity. 

Both  absorption  and  Scattering  account  for  the  attenuation;  however,  In  the  near-infrared  region,  absorp 
tion  may  be  neglected  for  most  aerosols,  end  a  taken  to  describe  attenuation  by  scattering,  The  mass 
attenuation  coefficient,  a,  which  Is  Independent  of  the  aerosol  concentration.  Is  related  to  o  by 
0  ■  va  , 

Where  v  Is  the  aerosol  concentration. 

The  extinction  coefficient  was  determined  at  Smoke  Week  III  from  the  ratio  of  the  signal  reflected 
from  the  target  at  3.2  m  with  aerosol  p,*esent  to  that  signal  before  and/or  after  the  test.  The  value  of 
(I  obtained  Is  thus  the  average  over  the  3.2  m  path  length,  and  Is  given  by 

1  \ 

where 

T  ■  amplitude  of  signal  observed  from  the  diffuse  target  at  3.2  m  In  the  presence  of  aerosol, 

Tg  ■  amplitude  of  that  signal  1  mediately  before  or  after  the  presence  of  the  aerosol, 

C  ■  amplitude  of  the  reference  pulse  signal  when  T  Is  measured, 

■  amplitude  of  the  reference  pulse  signal  when  T^^  Is  measured,  and 

L  “  distance  to  diffusely  reflecting  target  (3.2  m). 

3.2  BACKSCATTER  COEFFICIENT 

The  volume  scattering  coeiflclent  u(6)  Is  the  power  scattered  per  unit  solid  angle  at  an  angle  o 
from  the  Incident  beam  direction,  per  unit  power  density,  per  unit  volume.  The  backscatter  coefficient 
M(t),  or  simply  u,  Is  the  volume  scattering  coefficient  for  b  •  ti.  The  backscattered  signal  as  a 
function  of  time,  P(t),  may  be  written  as 


31b 


UNCUSSIFIED 


. .  . . . . •  . 


V  -v-rtiamii 


UNCLASSIFIED 


p(t)  •  ^ 


e  ^tfr  p(t  - 


'o  0 


dr  , 


(3) 


where 


PtC*-) 

K  ■a  constant  depending  on  the  optical  and  electronic  paraireters  of  the  system, 

■s  p('C)  «  shape  of  transmitted  pulse  as  detected  by  the  receiving  system  viewing  a  diffuse  target, 

normalized  to  unity, 

P^(r)  ■  peak  return  from  a  diffuse  target  at  range  r, 
j  r^i  ■  range  at  which  maximum  signal  is  received  from  a  diffuse  target,  and 

c  ••  speed  of  light, 

Defining 

-2or 


(4) 


D(o,t)  »  J  e'“^'f(rip|t  -  j  dr, 
we  may  write 

P(t)  .  M|all  . 


(B) 


(6) 
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Both  f(r)  and  p(t)  may  be  eKperimentally  determined  for  a  particular  system  and  alignment.  We  are 
Interested  in  the  peak  value  of  the  backscattered  signal,  so  we  perform  the  convolution  indicated  by 
equation  (5)  to  obtain  the  peak  of  D(o,t),  denoted  by  D(o),  for  all  values  of  o  of  Interest,  and  store 
the  results  in  the  computer.  For  the  Smoke  Week  III  alignment,  D  is  approximately  constant  at  0,67  m 
for  0  <  0,1  ffl“'. 

Replacing  the  time- dependent  values  with  the  peak  values,  we  sea  from  equation  (6)  that  v  Is  given 
by 

r^P 

''  “  ITTO  • 

Me  can  recast  equation  (7)  in  terms  of  easily  measurable  parameters  if  we  calibrate  the  system  by 

measuring  F^,  the  clear  air  signal  from  a  diffuse  reflector  of  known  reflectivity  d  placed  at  r^^: 

K.p 

f’t  “  --7  ■ 

The  system  constant  will  in  general  differ  from  K  because  of  transmitter  or  receiver  system  changes 
caused  by  temperature  variatioris  or  other  factors.  Because  these  changes  are  reflected  in  the  reference 
signals,  we  may  write 


^  /t 

r  *  r 
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where  Cj,  Is  the  peak  of  the  reference  pulse  signal  while  the  calibration  target  1s  observed.  It  now 
follows  that 

C  P 

Because  o  is  known  from  the  attenuation  of  the  3.2  m  target  signal,  u  may  be  calculated  from  equation  (8). 
3.3  SCATTERING  FUNCTION 

Having  Independently  determined  o  and  v,  we  may  find  the  suatterlng  function  for  180-deg  scattering, 


^-7 


(9) 


F  for  a  given  wavelength  depends  on  the  partlde-tlze  and  -shape  distribution  and  Index  of  refraction, 
but,  to  a  first  approximation.  Is  Independent  of  aerosol  concentration. 

3.4  DEPOLARIZATION 

The  Intensity  and  polarization  state  of  a  light  beam  can  be  described  as  follows.  The  total 
Intensity,  I,  consists  of  a  polarized  part.  Ip,  and  an  unpolarized  part,  1^,  so  that  I  ■  Ip  +  ly.  The 
polarization  vector  (the  electric  field  vector,  say)  of  the  l^-component  hat  a  completely  random  direc¬ 
tion  In  a  plane  perpendicular  to  the  propagation  direction,  while  that  of  the  Ip-compenent  traces  out  an 
ellipse  (the  polarization  ellipse]  In  the  same  plane  as  time  passes,  The  values  of  Ip  and  together 
with  some  geometrical  specification  of  the  polarization  ellipse  constitute  a  complete  mathematical  de¬ 
scription  of  the  Intensity  and  polarization  state  of  the  beam.  Such  a  description  Is  provided  by  the  so- 
called  Stokes  vector,*^  which  has  the  four  components  (I,  M,  C,  S)  and  Is  referred  to  a  spatial  coordi¬ 
nate  system  (x,  y,  z)  In  which  the  z-axis  points  In  the  direction  of  propagation,  I  gives  the  total 
Intensity  of  the  beam  and  Ip  ■  The  polarization  ellipse  Is  determined  as  follows.  Let 

i(i  (0  i  <  Tt)  be  the  angle  between  the  major  axis  of  the  polarization  ellipse  and  the  x-axIs.  Then 

tan  2i|) 

Let  tan  X  (■  <  X  I  ■J)  give.  In  absolute  value,  the  ratio  of  the  m1nor-to-maJor  axis  lengths  of  the 

polarization  ellipse,  where  the  sign  gives  the  sense  of  circulation  (X  x  Q  corresponds  to  right-handed 
and  X  <  0  to  left-handed  circulation).  Then 

sin  2X  ■  3/Ip 

An  Important  computational  convenience  of  the  Stokes  vector  description  Is  that  the  effect  of  prop¬ 
agation  through  a  linear  optical  element  1s  dnscribed  by  a  matrix  equation  of  the  form 


C 
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where  the  e  and  1  subscripts  refer  to  the  emergent  and  Incident  beams,  and  the  elements  of  the  d  x  4 
matrix  are  determined  by  several  transmission  coefficients  of  the  optical  element.  For  example,  If  the 
optical  element  Is  a  linear  sheet  polarizer  perpendicular  to  the  beam  propagation  direction  and  has  Its 
easy  and  hard  directions  coincident  with  the  x-  and  y-axes  respectively,  then  the  matrix  1n  the  foregoing 

{<1  -  Kj)  0  0 

(K^  +  Kg)  0  0 

0  0 

0  0  24rfir2 

whore  1s  the  Intensity  transmission  coefficient  of  the  element  to  plane  polarized  light  whose  polar¬ 
ization  vector  points  fixedly  along  the  x-axIs  (I.e,,  In  the  easy  direction),  and  where  Is  the 
similar  coefficient  for  plane  polarized  light  whose  polarization  vector  points  along  the  y-axis.  An 
Ideal  or  perfect  linear  sheet  polarizer  would  have  ■  1  and  ■  0,  An  Imperfect  polarizer  has  K.| 

somewhat  less  than  unity  and  Kj  somewhat  bigger  than  zero. 

In  our  experiments  two  Independent  measurements  are  made  pertaining  to  the  Intensity  and  polariza¬ 
tion  state  of  the  backscattered  baam.  In  general,  four  suitably  chosen  Independent  measurements  are 
needed  to  determine  the  Stokes  vector;  however,  the  two  measurements  are  sufficient  to  determine  the 
depolarization  caused  by  aerosol  backscatter  If  two  assumptions  hold. 

The  crucial  assumption  we  make  Is  that  the  backscattered  beam's  polarized  part  Is  linearly  polarized 
In  the  same  direction  as  the  transmitted  beam.  An  evaluation  of  the  correctness  of  this  assumption 
would  require  knowledge  of  the  constitution  of  the  various  aerosols  measured  and  a  specific  analysis  of 

the  scattering  mechanisms.  We  have  found  the  assuitsjtlon  useful  for  analyzing  polarization  effects  In 
3  7  B 

previous  experiments  •’  with  backscatter  from  water  clouds  and  diffusely  reflecting  rough  surfaces. 

The  hygroscopic  aerosols  tested  at  the  several  smoke  weeks  are  believed  to  have  scattering  properties 
that  are  similar  to  those  of  water  clouds,  especially  under  high  humidity  conditions  where  the  water 
scattering  Is  dominant.  For  spherical  droplet  water  clouds,  Mie  theory  predicts  that  the  polarization 
state  of  the  backscattered  beam  1s  the  same  as  that  of  the  transmitted  beam,  provided  that  multiple 

g 

scattering  affects  are  negligible.  Thus,  for  water  clouds,  the  depolarizing  mechanism  arises  from 
droplet  asphericity  and  multiple  scattering.  One  would  expect  an  approximately  random  distribution  of 
aspheric  droplet  orientations  In  many  cases  and  would  consequently  expect  the  depolarizing  effect  In 
these  Instances  to  be  a  transformation  of  Incident  polarized  light  to  randomly  polarized  or  unpolarlzed 
light.  Our  basic  assumption  about  the  smoke  backscatter  could  be  phrased  slmllarlv,  namely,  that  the 
smoke  depolarizes  the  Incident  beam  by  changing  part  of  It  to  a  randomly  polarized  beam. 

To  proceed  with  the  analysis,  we  first  quantify  the  polarization  state  of  the  transmitted  beam. 


equation  has  the  Form 
(K,  +  Kj) 

(K,  -  Kg) 
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The  redlation  from  the  source  GaAs  laser  has  been  verified  by  measurement  (of  the  optically  collimated 
beam)  to  be  randomly  polarized.  The  transmitted  beam  Is  vertically  polarized  by  a  sheet  polarizer  In 
Its  output  optics.  Let  ■  t^  and  Kj  ■  for  the  transmitter  polarizer,  taking  the  x-axIs  to  be 

vertical  (l.a.,  t^  1  and  t^  <'  0).  The  Stokes  vector  of  the  beam  Incident  upon  the  aerosol  Is  therefore 

>1  I^(t^  +  tg),  >4  I^(t^  -  tg).  0,  o]  *,  where  denotes  the  transmitter  Intensity  prior  to  polarization. 
In  accordance  with  our  basic  assumption,  we  take  the  Stokes  vector  of  the  backscattered  beam  to  be  of 
the  form  (I|^,  M|;j,  0,  0).  The  total  Incident  and  backscattered  Intensities  are  related  by 

‘  TT  ^<^1  ^ 

for  some  constant  <  U  also,  1^  -  M|^  i  gives  the  unpolarized  part  of  the  backscattered  Intensity, 
Thus 


and 

»RP  -  %• 

where  Is  the  polarized  part  of  the  backscattered  Intensity. 

One  of  the  two  receivers  hat  no  polarizer  In  Its  collection  optics  and  to  will  give  a  peak  signal 
voltage  proportional  to  Ip.  Let  denote  the  proportionality  constant  so  that  Ip.  The 

other  receiver  has  a  sheet  polarizer  with  ■  r^  and  Kj  ■  r^.  Since  this  polarizer  It  crossed  with 

respect  to  the  transmitter  polarizer,  r^  »0  and  r^  »1.  The  Stokes  vector  of  the  beam  received  In  this 
erost'Channel  It  (after  passing  through  the  polarizer)  therefore 

[**  ^’’l  *  ('"i  •  ''2^'^l'  ‘‘^’'l  ■  ”]  • 

to  that  the  peak  received  signal  voltage  It  given  by 

V,  ■•sCg  ^('•i*f2)lR  +  (r,-r2)Mp;, 

where  Cg  1s  a  proportionality  constant  similar  to  C^.  The  quantity  s  ■  Cg/C^  gives  the  ratio  of  the 
sensitivities  of  the  two  receiver  channels,  both  without  polarizers.  It  Is  therefore  possible  to  measure 

^  '"i  -  ’•g 

which  gives  the  fraction  of  the  smoke-backscattered  Intensity  that  Is  polarized,  Were  the  Incident 
transmitter  beam  totally  polarized, 

*  Note  that  the  Stokes  vector  of  an  unpolarized  beam  of  Intensity  I  Is  (I, 0,0,0). 
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would  give  the  percentage  extent  to  which  the  smoke  depolarizes  a  linearly  polarized  Incident  beam. 
Denote  the  latter  percentage  by  D^.. 

An  eitlmate  of  0^  In  terms  of  and  the  transmitter  polarizer  coefficients  t^  and  tg  Is 


where 

"i  • 

This  estimate  becomes  exact  If  It  Is  assumed  that  the  unpolarized  part  of  the  Incident  transmitter  beam 
remains  unpolarized  after  backscatter  from  the  smoke.  This  Is  the  second  assumption  referred  to 
earlier. 

4.  DISCUSSION  OF  RESULTS  ' 

4,1  DATA  AND  ERRORS 

Because  of  problems  with  the  minicomputer  that  Is  an  Integral  part  of  the  digitization  and  data 
reduction  processi  data  from  only  five  trials  have  been  reduced  so  far:  experimental  smokes  IR#1,  IRAZt 
and  IRA3  dispersed  with  the  XM49  smoke  generator  (Smoke  Week  III  trial  not  !!»  14,  and  10  respectively); 
fog  oil  generated  with  the  M3A3  smoke  generator  (trial  e)s  and  24  canisters  of  HC,  simulating  6  155>mm 
shells  (trial  9),  Qood  data  were  obtained  during  many  of  the  other  trials;  these  data  will  be  reduced 
laker. 

hlolii  of  V,  Ui  and  F  versus  t'lme  from  the  official  start  of  the  trials  (z  •  0  In  the  test  nomencla¬ 
ture)  and  plots  of  o  versus  u  are  given  for  trials  8,  9,  11,  and  14  In  figures  5,  6,  V,  and  8.  The  plots 
of  0  and  u  ve*”sus  time  (graphs  A  and  B  of  the  figures)  show  how  these  parameters  vary  as  the  smoke  cloud 
1$  blown  past  the  measurement  apparatus.  This  variation  Is  primarily  the  result  of  variation  In  the 
smoke  concentration,  which  can  be  quite  rapid. 

Graphs  C  and  D  of  the  figures  concern  the  scattering  function  F,  The  variation  of  F  with  time  Is 
plotted  directly  In  graph  C,  while  v  Is  plotted  versus  o  1n  graph  D.  The  slope  of  the  latter  graph 
gives  an  average  of  F  for  a  trial.  Variations  of  F  ere  an  Indication  of  changes  In  the  part1e1e-$1ze, 
-shape,  or  Index  of  refraction  distribution  or  of  multiple  scattering  effects.  The  latter  can  be 
Important  at  high  aerosol  concentrations.  Because  multiple  scattering  would  tend  to- decrease  the 
measured  value  of  o  and  increase  that  of  u,  Us  presence  would  tend  to  be  Indicated  by  an  upward  curve 
of  the  points  In  the  plot  of  u  versus  a  at  high  n.  An  absence  of  a  trend  in  a  u  versus  o  plot  would 
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tend  to  rule  out  multiple  scattering  as  significant,  If  In  such  a  case  the  p  versus  time  plot  showed 
variations  that  were  not  due  to  noise,  one  would  attribute  those  variations  to  changes  In  the  particle- 
size,  -shape,  or  Index  of  refraction  distribution. 

For  trial  "lO,  plots  of  o  and  F  are  given  In  figure  9  (A),  while  u  and  are  plotted  In  figure  9 
(B).  Depolarization  results  for  trials  11  and  H  are  plotted  In  figures  II  and  12,  respectively. 

The  limits  of  the  measurement  at  low  signal  values  derive  from  the  noise  In  the  measurement  system, 
the  recording  process,  and  the  digitization.  Based  on  this  noise,  the  rms  uncertainty  In  a  at  low 
values  Is  about  ±0,001  m"^  without  averaging.  At  higher  values  of  o,  this  uncertainty  Is  multiplied  by 
e^^®  ,  which  Is  w2  at  0  •  0.1  ffl’\  andxslO  at  e  •  0.4  m*\  The  maxirium  observable  a  without  averaging 
Is *40.7  m“\  The  rms  uncertainty  In  u,  also  without  averaging,  1$«iD. 00004  m'^sr"^  The  maximum 
observable  u  depends  on  o  and  adjustable  system  parameterij  as  a  practical  matter  this  limit  Is  not 
reached.  The  uncertainty  In  F  depends  on  those  of  o  and  ui  It  becomes  large  when  a  and  u  are  near  their 
minimum  observable  values.  The  uncertainty  In  0^  depends  similarly  on  the  signal  levels  In  the  un- 
poiarlzed  and  polarized  receivers.  All  the  uncertainties  arc  reduced  by  averaging  a  number  of  frames 
before  the  ealeulalilons,  as  lung  as  the  variation  In  the  parameters  Is  not  too  rapid. 

There  are,  of  course,  other  errors  associated  with  the  measurements,  such  as  errors  In  calibration 
and  In  measuring  the  system  parameters  such  at  D(a}.  For  w,  tncre  Is  an  additional  error  when  a  It 
higher  and  nonuniform,  because  the  a  used  In  the  u  calculation  (equation  8)  It  the  average  a  over  the 

3.2  m  path  of  that  measurement,  which  is  not  necessarily  applicable  to  the  path  over  which  u  It  measured 
In  addition,  equation  3  and  thus  the  entire  u  calculation  assumes  a  uniform  aerosol  from  the  transceiver 
to  the  far  limit  of  significant  response,  a  distance  of»2  m. 

The  apparent  noise  In  the  data  for  all  the  trials  except  14  may  be  somewhat  greater  than  suggested 
by  thu  foregoing.  The  reason  Is  that  ,*ur  trials  8,  9,  10,  and  11,  an  R7912  borrowed  from  Army  Missile 
Comand  was  o«ed  for  the  data  acquisition  because  uur  unit  mairiinctloned,  Because  the  substitute 
Instrument  was  npt  modified  to  rotate  the  display  as  required  by  our  digitizing  systnm,  the  tapes  could 
not  be  processed  through  the  digitizing  hardware  and  software  dcvelopei*  Tor  that  purpose.  The  peaks  of 
the  signals  were  therefore  laboriously  measured  by  hand,  a  process  that  Is  more  noisy  than  the  machine 
digitization.  As  It  happened,  becausa  of  the  aforementioned  problems  with  the  minicomputer,  these  are 
the  only  data  to  he  processed  so  far,  except  for  date  of  trial  14.  Those  data  wern  acquired  using  the 
modified  R7912  and  processed  by  the  normal  procedure  prior  to  the  problems  with  the  minicomputer. 

4.2  DISCUSSION  OF  a,  u,  AND  F 

For  trial  9,  HC  smoke  (figure  5),  significant  smoke  concentrations  occurred  at  the  HDL  measurement 
site  only  from  71  to  190  s  from  Initiation  of  the  test,  the  time  period  covered  by  the  graphs.  A 
16-frame  average  was  used  for  most  of  this  trial,  although  during  some  periods  of  rapidly  varying  smoke 
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concentration  an  8-1;  ame  aver-ge  or  no  averagiriy  was  used.  With  the  3  to  4  rn/s  mean  wind  speed  during 
this  trial,  the  16-franie,  orsjO.S  s,  average  provides  al  .9  m  resolution  1n  the  smoke  cloud  In  the  wind 
direction, 

A  significant  feature  of  the  o  and  p  plots  for  trial  9  Is  their  rapid  variation  with  time.  For 

example,  for  th;  first  cloud  section,  o  rises  from  zero  to-0.C5  m”'  rfom  one  frame  to  the  next, 

corresponding  toMU.l  m  of  cloud  depth.  This  Is  ell  the  mure  remarkable  when  we  consider  that  the 

measured  o  Is  the  average  value  Qvar«§  m  of  distance  nerpendlculir  to  the  wind  direction,  Over  the 

- 1  ..  1  ■ 

nexts!2  m,  a  rises  to-xsO.!  m  ,  and  peaks  at«0.17  m  afterxiS  m  more  of  smoke  drifts  by. 

The  vf<3  ratio  F  was  plotted  only  to  z  •  187  s  because  the  probable  srror  for  this  ratio  Is  vary  htgh 

w  1  * 

for  tha  last  11  s,  where  both  p  and  o  ere  small  (o  «  0.005  m  )  and  subject  to  large  uncertainty.  With 
the  possible  a, rcaptlon  of  a  few  Isolated  points,  the  varlatlon  of  F  with  time  shown  In  C  Is  real  and 
probably  eauaud  by  variations  In  the  size  distribution  of  the  particles.  Multiple  scattering  would 
tend  to  be  ruled  out  as  j  causa  by  the  lack  of  co'*re1at1on  of  F  with  the  crncontratlon.  Both  C  and  0 
Indicate  that,  for  c  z,  0.05  m'\  T  a  O.OU  ±  0.005  sr"^  This  compares  well  with  our  previously  reported 
/alue  of  0,012  sr“^  for  HC  from  Smoke  Week  II,  where  the  same  laser  backscatter  Instrumentation  was 
used  1n  a  dlffarent  configuration  without  i  fixed  target  to  determine  the  feasibility  of  Its  use  In 
routine  aerosol  maasuramints.''® 

Tha  fog  oil  data,  trial  8  (figure  6),  consist  mainly  of»10-to  20-m  long  patches  of  smoke  blowing 
through  tha  Instrumentation  site,  as  saan  claarly  1n  the  «  and  u  plots.  No  averaging  was  used  during 
the  rapidly  clianglno  regions  which  comprise  the  peaks  In  a  and  p,  but  10  or  more  frames  were  averaged 
during  some  low  concentration,  slowly  varying  segments  of  the  test.  With  the  2  m/s  mean  wind  for  this 
test,  the  resolution  In  the  wind  direction  1sw0.07  m  In  regions  with  no  averaging.  Rapid  changes  of 
er  and  p  were  also  observed  for  this  tost,  with  u  increasing  from wO. 04  m"^  to  over  0.2  m"^  1n»2  m  near 
tha  front  of  the  densest  patch. 

All  points  with  0  .  0.005  m*^  ware  omitted  from  the  F  versus  time  plots  because  of  the  large  un¬ 
certainty  In  the  ratio.  However,  In  no  case  where  the  c  and  p  deti  were  above  the  peak  noise  level  did 
F  exceed  0.1  sr'^  In  tha  regions  of  relatively  dense  smoke,  with  ^  »  0.03  m"\  F  ranged  fnm  0.012  sr*^ 
to  0.027  sr  \  with  a  mean  value  of  C.OlO  sr'’\  The  latter  value  Is  ecm'irmed  by  the  slope  of  the  u  ver¬ 
sus  0  plot.  The  variability  of  F  for  this  smoke  1i  Illustrated,  however,  by  a  relatively  solid  reglonof 
■snoke  at  z  370  i,  where  u  «  0.02  m"^  with  a  mean  value  of  F  of.  - 0.036  sr'■^  These  result:,  are  con- 
si  Jtent  with  the  F  values  of  0,02  $r"^  and  0.03  sr*^  reported  For  two  trials  of  Smoke  Week  II. 

Only  about  a  25-5  segment  cf  the  experimental  aerosol  IR#1  was  observed  In  trial  11  by  the  HDL 
Instrumentation,  These  data  (figure  7)  were  not  averaged,  resulting  In.-,  0.1  m  resolution  In  the  direc¬ 
tion  of  the  2.5  m/s  moan  wind.  No  points  were  omitted  from  any  of  the  plots  for  this  test.  The  maximum 

UNCLASSIFIED 


. . . -.1— 


F(sr-«) 


UNCLASSIFIED 


A-25 


:.ii 


■s, 


H 


<9 


<  H 


I 

& 

rj 

'U 

•s 


IB 


■i 

■■n  •  . . I  .  •  » - 4 

Ijn  _  C3  O 

•“I  ^  rH  O  Cf 

c'  C  IZ  O 

b 


...H» 

.1 


I-  ^  ^ 

M  V> 
rsi 


-  -  1  . 


T’f  I . r 

o  CT  ^  O  Cl 


IS 


e 


E 


UNCLASSIFIED 


327 


FIGURE  7.  AEROSOL  PARAICTERS  F«  TRIAL  II,  XW9if/IR#I:  {A}  Extinction 
coefficient  a  versus  tine,  (B)  Backscatter  coefficient  y  versus  time, 
(C)  Scattering  function  F  versus  tiie,  and  (D)  u  versus  o.  At  trial 
start  z  =  0. 
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value  of  0  observed  for  this  aerosol  was  only  rO. 02  about  an  order  of  magnitude  lower  than  for  HC 
and  fog  oil.  The  low  value  of  o,  together  with  the  lack  of  averaging,  resulted  1n  the  noise  apparent  In 
figure  7  (A),  Contrastingly,  y  was  relatively  higher;  therefore  the  plot  In  R  Is  smoother. 

The  plot  of  F  Is  also  ralatlvely  low  In  noise  for  the  first  10  s  where  o  and  p  are  reasonably  high, 
but  becomes  quite  noisy  In  the  later,  low  concentration  segments.  In  the  first  ID  s,  F  appears  to  have 
a  real,  although  small,  variation  with  time,  with  an  average  value  of  O.OB  t  0.03  sr'^.  This  value  Is 
confirmed  by  the  u  versus  o  plot,  which  has  a  heavy  concentration  of  points  along  the  F»0.08  sr“^  slope. 

The  results  for  the  experimental  aerosol  IR#2,  trial  14,  are  plotted  (figure  8)  using  an  8-frame 
average  throughout  for  a«1/2  m  resolution  with  the  2  m/s  mean  wind  speed.  All  the  points  were  retained 
In  these  plots  also.  The  maximum  a  was  reasonably  high  for  this  aerosol,  while  the  maximum  u, 

0.010  m"^sr"\  was  considerably  higher  than  for  the  other  aerosols  at  Smoke  Week  III  for  which  our  data 
have  been  reduced,  although  not  as  high  as  some  u's  In  fog  oil  measured  at  Smoke  Week  II. 

The  relative  smoothness  of  the  F  plot,  figure  8(C),  Is  an  Indication  that  the  fluctuations  In  the 
a  and  p  plots  result  from  real  concentration  variations,  not  noise.  However,  the  behavior  at  zsl70  s 
results  from  the  large  uncertainty  In  F  whan  a  and  p  are  low,  From  this  plot,  as  well  as  figure  8  (D), 

we  conclude  that  F*  0.09  +  0,02,  -0,04  sr"\  with  the  lower  values,  down  to  F»0.05  sr‘\  for 

0  t  0,07  m’^,  The  decrease  In  F  at  high  o,  which  Is  also  apparent  from  a  comparison  of  figure  8  (A)  and 
(C),  Is  opposite  what  one  might  expect  from  multiple  scattering,  The  variations  In  F  are  therefore 

likely  caused  by  changes  In  the  particle  sizes,  shapes,  or  Indices  of  refraction. 

For  the  experimental  aerosol  IR#3,  trial  10  (figure  9),  significant  concentrations  were  observed 

for  only?i7  s,  starting  at  Z.-3213  s.  With  the  3  m/s  mean  wind,  the  10-frame  average  used  resulted  In 

a,S!l  m  resolution  In  the  wind  direction.  The  data  for  this  test  were  plotted  by  hand  and  all  points 

were  kept.  The  maximum  values  for  both  a  and  p  were  lower  for  this  trial  than  for  the  r'her  Smoke  Week 

III  trials  examined  so  far.  This  may  be  due  to  low  scattering  In  tho  near  IP  by  this  aerosol,  low 

concentrations  gene'"ated,  or  the  bulk  of  the  aerosol  missing  the  HDL  trieasurement  site.  The  low  values 

of  0  and  p  result  In  a  large  uncertainty  In  F.  However,  In  the  regions  where  o  x.  0.005  m'\ 

F;i!O.I3±  0,04  sr'\  which  1$  hightr  even  than  IR#2,  and  at  least  twice  as  high  as  any  F  for  conventional 

smoke,  dust,  or  natural  cloud  that  we  have  observed  In  any  of  our  previous  aerosol  testing, 

The  Indicated  uncertainty  In  F  is  based  on  the  spread  of  the  F  values  In  figure  9  (A)  In  the  region 

where  o- 0.005  m"\  An  analysis  based  on  the  noise  In  the  n  and  p  values,  similar  to  that  done  for 

-1  -1 

depolarization  In  Appendix  A,  Indicates  a  standard  deviation  of  from  +0.04  sr  to  +0.07  sr  for  the 
Individual  points,  with  an  average  of  +0.05  sr*'.  This  Is  consistent  with  the  Indicated  uncertainty, 
but  suggests  that  the  variation  of  F  with  time  Implied  by  figure  9  [’.)  Is  not  statistically  significant. 
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FliiURE  9.  AEROSOL  PARAMETERS  POR  TRIAL  1C,  XMASw/lRlHS:  (A)  Extinction 
coefHdent  u  and  scattering  function  F  versus  time,  and  (B)  Backscatter 
ccBffident  u  and  Cepo1ar1zat1on  D^.  versus  time.  At  trial  start  z  ■  0. 
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4.3  D!SCUSSION  OF  Dj. 

There  was  no  discernible  backscatter  signal  In  the  cross-polarized  receiver  channel  for  the  Hf,  and 
fog  oil  trials.  A  determination  of  the  rms  noise  level  In  this  channel  was  used  to  place  an  upper  limit 
on  the  cross-polarized  return  signal.  Under  conditions  producing  the  largest  backscatter  signals  1n  the 
other  receiver  channel,  the  maximum  Indicated  depolarization  for  both  HC  and  fog  oil  was  less  than  4 
percent. 

The  depolarization  shown  In  figure  9  for  IR#3  appears  at  first  to  be  somewhat  bizarre  because  of 
the  two  excursions  of  the  curve  above  lOO-percent  depolarization,  We  are  convinced  that  these  results 
are  not  caused  by  measurement  errors,  and  In  fact  show  that  the  polarization  state  of  the  backscatter 
In  this  case  Is  qualitatively  different  from  what  we  assumed  In  our  data  analysis.  Recall  that  in 
obtaining  0.  It  Is  assumed  that  the  backscatter  Is  a  mixture  of  unpolarized  light  and  linearly 
polarized  light  with  the  same  polarization  direction  as  the  Incident  transmitter  beam.  This  assumption 
Is  correct  If  the  smoke  has  no  preferred  optical  direction  In  a  plane  perpendicular  to  "he  Incident 
beam,  but  could  be  false  If  either  the  Individual  particle  scattering  mechanism  or  a  collective 
alignment  effect  among  oblong  particles  were  to  produce  a  preferred  direction.  We  believe  that  the 
polarized  part  of  the  IRI3  backscatter  was  either  rotated  with  respect  to  the  transmitter  polarization 
or  was  In  some  unknown  state  of  elliptical  polarization.  A  possible  source  of  directionality  Is  the 
lining  up  of  a  substantial  number  of  the  oblong  population  of  this  aerosol  In  the  direction  of  the 
prevailing  wind. 

To  convince  ourselves  that  the  depolarization  results  exceeding  100-pereent  depolarization  were 
not  caused  by  measurement  error,  several  lines  were  pursued.  First,  data  based  on  relatively  low 
signal  levels  were  omitted.  These  omissions  were  done  systematical 1y  by  using  a  sequence  of 
Increasingly  severe  s1gnal-to-no1$e  ratio  (SNR)  criteria  to  discard  points.  While  this  procedure  did 
eliminate  a  number  of  the  high  depolarization  values,  substantial  data  higher  than  ICIP  percent  (up  to 
200  percent)  remained  even  after  discarding  signals  that  were  up  to  six-times  the  rms  noise  levels. 

The  data  just  referred  to  corrvspon.,  to  single  frames.  The  depolarization  curve  of  figure  9  was 
obtained  by  averaging  the  results  of  10  consecutive  frames.  Even  with  such  averaging,  depolarization 
levels  up  to  almost  140  percent  are  obtained,  as  figure  9  shows. 

An  analytical  formula  showing  the  effect  of  no'ise  In  the  measurement  of  the  cross-polarized  and 
unpolarized  signal  levels,  and  V^,  on  the  calculated  values  of  D^,  was  also  developed.  The  result  Is 

•  "3) 

where  1s  the  probability  density  of  depolarization  values,  n  is  the  rms  receiver  noise  level, 
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^  "  ''xo^^c  ^  “''uo*  ''o  "  ''xo  Ka’  '^xo  *"'’  ''uo  s'"*  respectively  the  true  or 

mean  values  of  tiie  cross-polar1red  and  unpolarized  signal  levels  (n,  and  have  the  same  units), 
and  the  positive  constants  a  and  b  arise  when  Is  expressed  In  the  form  -  b  by  using 

equations  (1C)  through  (1?).  This  result  1s  derived  In  Appendix  A.  equation  (13)  can  be  used  to 
determlno  the  expected  spread  In  D,  values  for  specific  data  V,..,  V„„  In  terms  of  the  known  rms 
receiver  noise  level  n.  Two  examples  are  shown  In  figure  10,  which  plots  pj  versus  for  two  Indlvld- 
aial  data  frames  typical  of  those  averaged  together  to  produce  the  two  largest  relative  maxima  In  the  0^- 
curvs  of  figure  9;  the  figure  10  (A)  plot  corresponds  to  the  lower  D.  value  In  figure  9.  The  re- 

C 

spcctive  30*'  and  20-percent  spreads  at  tbe  half-maximum  points  In  figure  10  seem  hardly  sufficient  to 

,ac  unt  for,  the  many  Individual  data  points  which  we  observe  betweeu  100-  and  2()0-percent  D  levels 

c 

(after  considerable  omission  of  data  arising  from  low  to  moderate  SNFt).  In  addition,  since  the  Dg 

spreads  to  be  expected  after  a  lO-frame  average  are  smaller  than  the  tingle-frame  spreads  by  roughly  a 

factor  of  10  It  leums  clear  that  the  curve  of  flgu'-e  9  represents  a  reasonably  accurate 

measurement;  error  bars  about  the  two  largest  maxima  would  be  roughly  lo-percent  wide. 

A  main  source  of  potential  systematic  error  llet  In  the  transmission  coefficients  of  the  sheet 

polarizers  used  In  tha  transmitter  and  cross-polarized  receiver.  The  Polaroid  HR-3  Infrared  sheet 

pn.larizers  we  use  arc  known  to  change  their  transmission  characierlitlcs  upon  extended  exposure  to 

ultraviolet  light.  Care  must  be  taken  to  shield  them  from  light  when  not  in  use,  and  occasional 

measurement  of  their  transmission  coefficients  Is  required.  Measurements  Immediately  after  Smoke  Week 

III  gave  Ihe  values  t^*0.64|  t2*0.0012,  ri*0.C046,  and  r^^O.SB.  These  values,  which  were  used  for 

ou**  data  analysis,  can  be  compared  with  t^«0.69,  t^oO.OOlS,  r.|>0.0042,  and  r2*0.72,  obtained  several 

months  before  Smoxe  Week  HI.  Were  the  latter  values  used  for  the  data  analysis,  about  10-percent 

lower  D-'s  would  have  resulted  at  the  maximum  of  the  figure  9  curve.  A  10-percent  lowering  of  0  would 
c  c 

tiot  materially  alter  our  conclusions,  however.  Also,  based  on  the  history  of  the  sheet  polarizers 
between  the  two  measurements,  the  transmission  coefficients  at  Smoke  Week  III  were  likely  decidedly 
c’oier  to.  If  not  virtually  the  same  as,  the  post-test  measured  ones. 

'  Post-test  measuremints  of  the  receiver  sansitivlty  ratio  s  were  also  performed  to  determine  an 

accurate  value  for  use  In  the  data  analysis.  The  value  of  s  depends  on  the  bias  voltages  used  to  set 

the  avalanche  gains  of  the  receiver  photodiodes.  For  the  IR#1,  IR#3,  HC  and  fog  oil  trails,  the  bias 

levels  were  the  same  and  $  was  measured  to  be  1.43;  for  the  IR#2  run  s  was  1.78. 

A  final  noteworthy  feature  of  the  IRI3  results  1e  shown  in  figure  9,  where  tha  corresponding 

variation  of  tne  volume  backscatter  coefficient  u  is  also  plotted,  The  precision  of  the  u  measurement 

-4  -1  -1 

Is  estimated  to  bt  ±  0.2  x  10  m  sr  for  the  10-frame  average  case  shown.  The  evident  correlation 
between  high  depolarization  and  low  backscatter  Is  noteworthy  and  suggests  that  the  high  depolarization 
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FIGURE  10.  PROBABILITY  DENSITY  OF  Dc  ACCORDING  TO  EOUATION  (13); 
(A)  For  typical  data  frame  of  those  averaged  to  obtain  the  second 
highest  Dr  maxlmutn  1n  figure  9,  (B)  For  typical  data  frame  of  those 
averaged  to  obtain  the  highest  D  maximum  In  figure  9. 
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FIGURE  11,  PERCENT  DEPOl ARIZATION  VERSUS  TIME  FOR  TRIAL  11,  XM49w/lR#l. 
At  trUl  stsrt  i  ■  0. 
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FIGURE  12.  PERCENT  DEPOLARIZATION  VERSUS  TIME  FOR  TRIAL  14,  XM49w/lR#2. 
At  trial  start  r  ■  0. 
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values  nay  be  associated  with  low  smoke  densities. 

For  the  depolarization  versus  time  plot  for  1R#1  (figure  11),  each  point  corresponds  to  a  single 
frame  of  raw  data,  The  scatter  In  the  data  shows  a  marked  Increase  beginning  In  the  maximum  D^.  region 
at  about  z»75  s;  low  SNR  Is  the  main  cause  of  the  wider  variations.  The  maximum  0^.  region  at  z«7E  s 
coincides  with  the  region  of  lowest  signal  levels  where  the  backscatter  return  went  virtually  to  zero 
for  a  brief  period.  Comparison  of  figure  11  with  figure  7  reveals  that  the  high  scatter  region  of  0, 

coincides  with  the  lower  levels  of  a  and  u  and  with  the  high  scatter  region  of  F.  The  high  D.'s  at 

the  very  beginning  of  the  plot  are  also  likely  due  to  low  SNR.  Similarly,  the  somewhat  wider 
variations  at  about  Z"70  s  and  a  little  later  coincide  with  local  minima  In  o and  u. 

The  sharp  minimum  In  D.  a  second  or  two  before  z«70  s  seems  to  be  an  actual  variation  In  the  de> 

* 

polarizing  effect  of  the  aerosol;  the  data  In  this  region  are  among  the  highest  In  SNR  for  the  entire 

run.  Also  noteworthy  Is  the  fact  that  the  minimum  coincides  with  a  definite  but  somewhat  lest 

pronounced  minimum  In  the  plot  of  F  versus  time  In  figure  7.  Apart  from  the  minimum  in  question,  the 

depolarization  In  the  higher  SNR  regions  Is  fairly  uniform  and  equals  15  t  8  percent, 

The  plot  of  Dg  versus  time  for  IRf2  (figure  12)  Is  from  an  eight-frame  average  of  the  data.  The 

results  are  indeed  remarkable,  for  a  steady  value  of  D.  ■  IS  i  2  percent  Is  Indicated  for  the  entire 

c 

run,  in  spite  of  the  fact  that  substantial  variations  In  the  smoke  density  and  other  parameters 
occurred  during  the  run  (cf.  figure  8),  The  brief  region  of  higher  scatter  near  the  end  of  the  plot 
Is  an  effect  of  low  signal  levels.  The  pronounced  constancy  of  Dg  In  the  face  of  significant  variations 
In  aerosol  density  suggests  that  multiple  scattering  ploys  only  a  small  role  as  a  depolarizing 
mechanism  for  1R#2. 

S.  CONCLUSION 

A  summary  of  the  results  of  the  Smoke  Week  III  trials  reduced  so  far  Is  given  In  Table  I.  It  Is 
apparent  that  the  IR  screeners  differ  considerably  from  the  conventional  smokes.  This  conclusion  Is  > 
unlikely  to  'change  once  data  for  phosphorous  smokes  from  Smoke  Week  III  are  also  reduced,  Frevlous 
measurements  of  white  and  red  phosphorous  smokes  (WP  and  RP)  have  shown  them  to  have  quite  similar 
scattering  properties  at  0.9  urn  to  HC.^°  The  depolarization  was  not  measured  In  these  experiments; 
however,  since  WP  and  RP,  as  well  as  HC,  consist  of  spherical  droplets  containing  mostly  water,  one 
would  not  expect  them  to  depolarize  radiation  except  through  multiple  scattering  at  high  densities. 

The  IR  screeners,  on  the  other  hand,  do  depolarize  radiation  significantly.  Because  this  depolar¬ 
ization  appears  Independent  of  the  concentration,  It  Is  likely  due  to  asphericity  and  alignment  effects, 
not  multiple  scattering.  The  IR  screeners  also  have  significantly  higher  scattering  functions  than  the 
conventional  smokes  or  previously  measured  natural  water  clouds  (F;  0.05  -0.06  sr  )  and  dust 
(F'^0.02  -0.04  sr'^),^*^  At  high  concentrations,  the  higher  F's  would  lead,  under  the  single-scattering 
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approximation,  to  higher  maximum  aerosol  backscatter  signals  for  systems  such  as  near>IR  fuzes  or 
target  designators.  Our  data  also  show  that  F  In  a  given  trial  can  vary  considerably  for  both  the 
conventional  and  experimental  aerosols.  Fog  oil  shows  the  largest  variation.  This  variation  Is  some¬ 
times  Independent  of  the  concentration,  but  can  also  be  quite  dependent  on  It,  such  as  the  decrease  In 


F  with  concentration  for  IR#2.  This  decrease  contrasts  to  the  Increase  previously  observed  In  cumulus 
and  stratus  clouds  and  attributed,  at  least  partially,  to  multiple  scattering  effects.  The  constancy 
of  Dj.  for  IR#?  also  Indicates  that  multiple  scattering  was  not  Important.  The  change  In  F  would  appear 
'to  be  a  size  or  Index  of  refraction  effect,  because  shape  changes  would  be  expected  to  be  reflected  In 
changes  In  D^. 

TABLE  I.  SUMMARY  OF  AEROSOL  PARAMETERS 


Smoke  Week  III 
trial  number 

Aerosol 

type 

Maximum 

(m-b 

9 

HC 

0.28 

a 

Fog  oil 

0.22 

11 

IR#1 

0.02 

14 

IR#2 

0.16 

10 

1RIII3 

0.01 

(m'^sr'^) 

jilIl 

C 

(percent) 

0.0036 

0.014±0.00S 

<4 

0.0045 

0.02±0.01* 

<4 

0.0018 

O.P8±0,03 

1B±8 

0.011 

0.08±0.03 

1B±2 

0,0010 

0.13±0.04 

60-140 

*  for  a  >0.03 

IR  screeners  1  and  2  appear  quite  similar  In  their  O.R  um  scattering  properties,  whereas  IRil'S  Is 
obviously  different.  IR#3  has  both  the  highest  F  and  the  highest  0^  of  all  the  aerosols  we  have  so  far 
measured.  The  very  high  depolarization  of  this  aerosol  would  render  any  tarqet/aerosol  discrimination 
technique  based  on  linear  polarizers  Ineffective.  The  low  values  of  o  and  p  are  likely  a  result  of 
the  low  concentrations  In  trial  10,  either  because  of  limited  generation  or  wind  direction.  The 
differences  In  o  and  p  observed  between  IR  screeners  1  and  2  are  probably  similarly  caused,  rather  than 
resulting  from  differences  In  the  single-particle  scattering  efficiency. 

The  depolarization  data  for  IR#3  show  that  In  some  Instances  a  more  coiriplete  measurement  of  the 
polarization  state  of  the  backseattered  beam  Is  required.  A  complete  measurement  requires  four  rather 
than  two  backscatter  signal  determinations.  A  suitable  set  of  measurements  would  Include  three  with 
different  orientations  of  the  sheet,  polarizer  axis  and  one  with  both  a  fixed  sheet  polarizer  and  a 
quarter-wave  plate  In  the  receiver  channel.  The  resulting  determination  of  four  linearly  Independent 
linear  combinations  of  the  Stokes  parameters  of  the  backseattered  beam  would  enable  finding  these 
Stokes  parameters  by  solving  four  simultaneous  linear  equations.  The  measurement  could  be  accomplished 
with  our  laser  probe  during  smoke-week-type  tests  by  using  a  small  synchronnus  motor  (synchronized  to 
the  laser  pulse  rate)  to  rotate  a  polarizer  1n  front  of  one  receiver  and  equipping  the  other  with  a 
suitable  fixed  polarizer/quarter-wavr  plate  combination. 
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APPENDIX  A 

PROBABILITY  DENSITY  OP  DEPOLARIZATION  VALUES 

In  the  body  of  this  papei-,  a  method  for  determining  the  extent  to  which  smoke  scattering  depolarizes 
an  Incident  linearly  polarized  light  beam  In  the  backacetter  direction  was  discussed.  The  discussion 
led  to  an  aquation  of  the  form 

0  ■  a  -  b  (Al) 

for  determining  the  percent  depolarization,  D^,  from  two  measured  signal  levels,  and  V^;  a  and  b  are 
positive  constants.  This  appendix  analyzes  the  effect  of  noise  In  measuring  the  two  signal  levels  on 
the  corresponding  values  of  D^.  Equation  (13)  of  the  main  text,  which  was  used  there  to  discuss 
measurement  errors  for  specific  data.  Is  derived. 

The  noises  In  the  two  receiver  channels  which  measure  and  V^  are  assumed  Independent,  so  that 
and  can  be  considered  as  statistically  Independent  random  variables  with  respective  probability 
density  functions  P^(V^)  end  P2(V^).  Since  the  receivers  are  physically  distinct  devices,  the  only 
potentially  correlated  noises  are  those  due  to  background  light,  which,  under  aerosol  measurement 
conditions,  are  small  compared  with  the  noise  prising  In  the  rueelver  amplifiers.  Because  virtually  all 
noise  sources  are  of  the  Johnson  or  shot>no1te  type,  both  p.|  and  are  Gaussian  densities  In  good 
approximation.  The  receivers  are,  additionally,  of  nearly  Identical  construction,  and  their  rms 
noise  levels  under  the  same  measurement  conditions  ere,  not  surprisingly,  nearly  the  same.  Accordingly, 


we  take 


(V.  -  V,J 


’  (V  -  v  )‘ 
lu _ yo' 


. y-'J’ 

where  n  1$  the  common  variance  and  V^g  are  the  means  of  V^^  and  Vy,  respectively. 

The  probability  density  p3(Dg)  of  depolarization  values  can  be  determined  from  standard  probability 
theory.  First  one  finds  the  probability  P(z)  that  i  *  for  arbitrary  real  z,  then  P3(Dj,)  1s  determined 
as  the  derivative  of  P(z)  at  z  •  D^.  Because  and  V,,  are  statistically  Independent, 


•]J  P,(V,)  PglVy 


)  dV^  dVy  , 


where  the  Integration  region  In  the  Vj^V^-plane  Is  the  Image  of  the  set  ^  z}  under  equation 

(A1).  It  1s  readily  seen  that  Is  all  points  lying  on  or  above  the  line  V^  ■  aV^/(z  +  b) .  Thus 
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DEGRADED  VISIBILITY  TESTING  AT  THE  ELECTRO- OPTICAL  TEST  FACILITY 

CPT  Vinilam  M.  Decker  IV 
US  AriRy  Electronic  Proving  Grounds 
Fort  Huachuca,  Arl/onn  QS613 


ABSTRACT 


The  Electro-Optical  Test  Facility  (EOTF)  has  been  davaloped  for  testing  Amy  devices  worklno 
In  the  visible  and  Infrared  portions  of  the  spectrum  under  conditions  of  obscuraton  due  to  fog, 
smoke  and  dust  and  in  the  presence  of  Interfering  sources,  such  as  flares,  battlefield  fires  and 
active  countermeasures  from  both  coherent  and  Incoherent  sources.  The  EOTF  contains  a  fog  chamber, 
a  smoke/dust  chamber  and  an  Interference  simulator  which  together  give  the  Army  the  capoblllty  of 
testing  the  effects  of  many  different  types  of  countermeasures,  both  passive  and  active,  quickly 
and  Inexpensively. 

INTRODUCTION 


The  US  Army  Electronic  Proving  Grounds, located  at  Fort  Hunchuea,  AZ,has  had  the  misslcn  to 
perform  Electromagnetic  CompatablUty  and  Electromagnetic  Vulnerability  (EMC/EMV)  testing  for  the 
Army.  Until  recently,  this  testing  was  confined  to  the  radio  frequency  portion  of  the  spectrum. 
Several  years  ago, severe!  test  officers  had  the  foresight  to  realize  that  EMC/EMV  testing  was  also 
required  In  the  optical  and  Infrared  portions  of  the  spectrum  If  our  systems  are  to  be  fielded  with 
the  fewest  problems  possible.  As  a  result,  the  Electro-Optical  Test  Faelltty  (EOTF)  was  designed 
and  constructed.  This  facility  can  test  the  Army's  electro-optical  systems  In  a  simulated  dirty 
battlefield  environment  quickly  and  at  low  cost.  Typically,  tha  cost  of  testing  an  eloctro-optlcal 
system  1n  the  EOTF  Is  ten  pe'"cent  the  cust  of  performing  equivalent  field  tests.  As  the  environment 
Is  completely  controlled,  the  same  conditions  can  be  repeated  at  will  and, In  the  c:jse  of  a  prototype 
competition  test, the  same  situations  presented  to  the  system  under  consideration. 

DESCRIPTION  OF  THE  EOTF 

The  EOTF  1s  a  wooden  structure  200  feet  long  and  16  feet  square  In  cross-section.  The  optical 
path  length  Is  approximately  ICO  feat.  The  facility  has  been  constructed  of  wood  to  allow  EMC/EMV 
testing  In  millimeter  wave  portion  of  the  spectrum.  The  EOTF  Is  not  currently  Instrumented  for  this 
testing.  The  facility  has  been  designed  to  be  operated  completely  from  the  control  area  as  shown 
at  the  lower  right  hand  corner  of  Figure  1.  This  minimizes  the  number  of  technicians  needed  and 
reduces  the  eye  harzard  In  the  case  where  lasers  are  used  either  by  the  Item  under  test  or  as  an 
Interference  souren. 


UNCLASSIFIED 


UNCUSSIFIED 


Figure  1  shows  a  terrain  model  located  at  the  far  end  of  the  facility.  Targets  will  be  fjresented 
to  the  item  under  test  that  are  appropriate  for  that  system.  For  example, an  anti-tank  missile  night 
sight  would  be  tested  while  looking  at  model  tanks  oti  a  terrain  background.  Reference  1  contains 
additional  Information  on  the  construction  and  spectral  arcuracy  of  the  scale  targets  that  will  be 
presented  to  the  systems  under  test.  If  a  laboratory  type  of  test  Is  desireable,  minimum  resolvable 
temperature  (MRT)  targets  can  be  presented.  As  most  of  the  testing  will  be  done  with  the  operator 
In  the  looptit  Is  envisioned  that  realistic  model  targets  will  be  used  most  of  the  time.  Also 
located  at  the  far  end  of  the  facility  Is  the  Interference  projection  system, 

Between  the  control  area  and  the  target  area  are  located  the  Intervening  environmental  simulators, 
the  fog  and  smoke/dust  chambers.  These  chambers  enable  the  EOTF  to  recreate  a  typical  dirty  battlefield 
environment. 
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Figure  1.  Electro-Optical  Test  Facility 
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FOG  CHAMBER 

In  the  fog  chamber  (Figure  2),  fog  Is  created  very  much  as  It  Is  created  naturally.  Water  1n  the 
chamber  Is  heated  up,  evaporates  and  saturates  the  air  above  the  water.  The  a1r  1s  quickly  cooled  by 
liquid  nitrogen  flowing  through  the  cooling  coils  located  at  the  top  of  the  chamber.  This  condenses 
the  water  in  the  air,  forming  fog.  The  particle  site  distribution,  water  content  and  the  radius  of 
the  most  frequently  occuring  particles  (R-max)  can  be  controlled  by  careful  control  of  the  water 
temperature,  air  temperature  and  the  flow  rate  of  the  liquid  nitrogen.  To  determine  the  nature  of  the 
fog  in  the  chamber,  a  transmissomoter  is  set  up  to  view  through  the  fog.  The  receiver  is  filtered  so 
as  to  measure  transmission  at  four  different  wavelengths;  0,46,  1.26,  3.9  and  11.3  microns.  The  output 
from  the  tranamissometer  is  fed  through  an  analog  to  digital  converter  to  our  minicomputer.  The 
computer  (Figure  3)  uses  a  modified  Mie  scattering  routine  to  determine  the  water  content,  particle 
size  distribution,  R-max  and  equivalent  meteorological  visibility.  The  output  is  available  within 
1$  seconds  of  the  transmission  measurements,  allowing  near  real-time  information  on  the  nature  of  the 
fog  in  the  chamber.  As  the  fog  chamber  can  be  recycled  in  less  than,  thirty  minutes,  little  testing 
time  is  lost  if  the  fog  falls  to  meet  the  required  parameters. 


Figure  2.  Fog  Chamber 
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Figure  3.  TRS-80  Minicomputer 

In  generel,  the  formation  of  fog  in  nature  involves  the  condensation  of  water  from  the  air  on 
either  particulate  nuclei,  such  as  dust  (heterogeneous  fog}> or  spontaneously  produced  water 
nuclei  (homogeneous  fog).  In  either  case,  the  air  must  contain  a  certain  amount  of  water  vapor, 
usually  reaching  supersaturation,  before  appreciable  condensation  will  begin.  The  amount  of 
saturation,  usually  denoted  by  "S",  is  lr»,'ersely  related  to  the  temperature  of  the  air.  Thus,  given  an 
air  mass  with  a  certain  amount  of  water  vapor  present,  a  ■  ecrease  of  air  temperature  below  a  critical 
point  will  result  in  fog  formation.  The  rate  of  change  of  S  and  the  magnitude  of  S  determine  the  type 
of  fog  parti-les  most  likely  to  fora.  At  the  EOTF,  it  has  been  possible  to  produce  fog  particle 
sizes  in  three  different  ranges;  particle  radii  of  approximately  1  micron,  radii  on  the  order  of 
2-5  microns,  and  radii  on  the  orde;  of  8-14  microns,  further  Information  concerning  the  calculations 
used  to  obtain  the  particle  size  distribution  and  other  Information  from  the  transmi ssomuter  data 
are  uontalned  1:;  References  2  and  3.  The  techniques  and  resultr  are  as  follows. 
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SUB-KICRON  RADII  FOB 

Due  to  the  mechanise!  characteristics  of  the  fog  chamber  and  the  cooling  mechanism,  the  rate  at 

which  the  air  1$  cooled  and  the  amount  of  saturation  possible  usually  results  1n  fogs  of  2-5  micron 
particle  radii.  Once  the  fog  Is  formed,  discontinuing  the  heating  of  the  water  at  tho  bottom  of  the 
chamber,  and  thus  decreasing  the  water  vapor  present  In  the  air,  causes  fog  particles  to  begin 
evaporating,  becuming  smaller  In  size.  In  addition,  othor  processes  occur  which  result  in  the 
remaining  fog  being  composed  of  smaller  particles.  This  type  of  fog  takes  approximately  30  minutes 
to  form  and  can  last  for  approximately  10-15  minutes.  A  typical  sub-micron  particle  size  distribution 
produced  along  with  other  pertinent  information  Is  presented  In  Figure  4.  This  type  of  fog  1s  typical 
of  fogs  that  have  been  measured  over  dry  land  at  several  locations  In  Europe.  One  similar  fog  was 
measured  at  Grafenwohr  In  1976. 


Figure  A  Sub-micron  Fog  Particle  Sue  Distribution 
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2-S  MICRON  RADII  FOG 

As  described  above,  2-S  micron  radii  fog  is  most  easily  formed,  due  to  the  fog  chamber  operating 
characteristics,  It  has  been  possible  to  produce  this  type  of  fog  at  various  temperatures  with  the 
ability  to  "maintain"  the  fog  with  periodic  heating  and  cooling  cycles,  so  as  to  maintain  the  fog 
for  as  long  as  2-3  hrs.  Typical  results  are  presented  in  Figure  5.  Fogs  of  this  type  are  most 
typically  found  in  a  marine  environment.  The  fog  shown  in  Figure  S  is  similar  to  the  fog  measured 
off  the  California  coast  in  1975. 


6-14  MICRON  RADII  FOG 

In  order  to  produce  larger  particle  size  fog  it  is  necessary  to  change  S  slowly.  This  can  be 
done  by  either  lowering  the  temperature  slowly  or  increasing  the  water  vapor  pressure  slowly. 

Working  within  the  constraints  of  the  fog  chamber,  it  has  been  found  that  increasing  the  water 
vapor  pressure  by  prolonged  heating  of  the  water  at  the  bottom  of  the  chamber  will  result  in  fogs 
with  particle  sizes  on  the  order  of  10  microns.  This  procedure  takes  roughly  90  minutes  to  perform 
at  toom  temperature  and  the  fog  lasts  for  approximately  20  minutes.  Further  work  is  being  done 
to  expedite  this  procedure  by  cooling  the  chamber  with  refrigeration  units  and  thus  decreasing  the 
amount  of  water  vapor  pressure  needed  before  fog  formation  will  occur.  Figure  6  displays  a 
typical  8-14  micron  fog  produced  at  the  EOTF.  This  large  particle  fog  is  similar  to  a  fog  measured 
at  Fort  Rucker,  AL  in  1975.  The  fog  at  Fort  Rucker  was  formed  due  to  the  nighttime  radiation  of 
the  heat  of  the  earth  end  the  subsequent  cooling  of  the  ground  and  the  water  vapor  in  the 
atmosphere  immediately  above  the  ground. 


UNCLASSIFIED 


A-27 

UNCLASSIFIED 

SMOKE  CHAMBER 

As  this' paper  Is  written,  the  smoke  chamber  Is  under  construction.  The  EOTF  smoke  chamber 
(Figure  7]  has  been  designed  to  handle  the  currently  Identified  threat  smokes,  dust  and  haze. 

The  primary  smokes  that  are  planned  to  be  presented  to  the  Items  under  test  are  hexachloroethane 
(HC),  white  phosphoriiS  and  fog  o11.  The  smokes  will  be  characterized  by  measuring  the  spectral 
transmission  of  the  smokes  using  a  General  Dynamics  spectral  radiometer  with  the  Nicolet  FFT 
processor  anJ  by  making  mass  concentration  measurements  using  the  Anderson  Impactor.  The  optical 
and  physical  properties  of  the  smokes  will  be  compared  to  the  results  from  the  Smoke  Meek  tests  and 
other  field  tests  to  validate  the  accuracy  of  the  smoke  conditions  generated  In  the  EOTF,  The  smoke 
chamber  Is  of  the  static  type  with  the  smoke  generated  within  the  chamber.  Lights  are  being  mounted 
within  the  chamber  to  simulate  the  Interference  effects  of  the  ambient  sunlight  when  scattered  off 
the  smoke.  The  smoke  chamber  will  have  air  curtain  windows  at  the  ends  of  the  chamber  tc  provlda 
a  clear  optical  path  through  the  chamber.  This  will  eliminate  smoke  deposits  on  the  windows  as  a 
source  of  error  In  testing. 
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INTERKERENCE  SIMULATION  SYSTEM 

In  order  to  simulate  the  effects  of  active  Interference  sources  on  the  electrO'Optical  systems 
under  test,  the  EOTF  has  an  interference  simulation  generator  (Figure  8].  This  system  consists  of 
visible,  infrared  and  laser  sources  operating  through  a  shutter  system  to  control  the  duration  of 
the  interference  and  Irises  to  control  the  intensity  of  the  sources  such  as  flares,  battlefield 
fires,  artillery  rounds,  mortars  and  muzzle  flashes  (Ref.  4  and  S).  These  will  be  used  to  reconstruct 
the  Interference  source  and  present  it  to  the  systm  being  tested.  The  mirrors  on  the  X-Y  traveling 
table  allow  the  apparent  source  of  the  radiation  to  be  moved  very  close  to  the  target  or  quite  far 
away  with  an  accuracy  of  better  than  0.03  degrees.  Laser  sources  covering  the  visible  and 
near  Infrared  are  currently  on  hand,  and  a  tunable,  high-power  carbon  dioxide  laser  is  on  order. 

A  detailed  discussion  of  the  interference  projection  system  is  contained  in  Reference  6.  The 
interference  generator  gives  the  EOTF  the  capability  of  simulating  a  wide  variety  of  interforence 
sources  and  countermeasures. 


7  VERTICAl 
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Figure  8.  Interference  Simulator  Projection  System 
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SUMMARY 


The  Electro-optical  Test  Facility  gives  the  AHny  a  testing  tool  that  will  allow  quick,  Inexpensive 
testing  of  electro-optical  systems.  This  tasting  will  not  replace  field  testing,  but  rather  will 
enhance  Its  effectiveness  by  highlighting'  those  areas  requiring  detailed  study  In  a  field  environment. 
In  cases  where  Insufficient  funds  preclude  field  testing  In  a  degraded  envlrontntict,  the  EOTF  can 
provide  project  managers  definitva  data  concerning  the  performance  of  the  system  under  less  than  Ideal 
conditions.  This  same  data  can  be  used  by  commanders  to  Insure  that  these  electro-optical  systems  are 
employed  to  maximum  advantage  In  the  dirty  battlefield  environment. 
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riANS^FOR  THE  EVALUATION 
EkPEkbltuiitE  t^ODkLT 


Barnard  F.  Engtbos 
Atmospharic  Sclancaa  Laboratory 
Whittt  Sandi  Mittlla  Ranga.  Naw  Maxleo 


ABSTRACT 

Attanuation  of  alactromagnatlc  radiation  li  dapandant  upon  luch  factora  ai  icattirino  by  aarosols 
and  pracipitatlon  and  croaswind  Integratad  eoncantratlon  of  tha  plunia  of  amoka  dallbarataly  Injactad 
Into  tha  lino  of  light  of  an  o1aetro>opt1ca1  davica.  Tha  amount  of  chamlcally  producad  amoka 
(munition  axpandituraa)  raquirad  to  scraan/obscura  auch  a  devica  can  ba  darivad. 

This  papar  praaanta  tha  datalla  of  two  plannad  axparlmenta  to  aveluata  and  varify  smoke  munition 
axpanditure  models.  Tha  first  teat  Is  aehadulad  during  April  1981  at  ViSMR  and  tha  second  In  Germany  In 
tha  Sprlhg  of  1982. 
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DUST  OBSERVATIONS  IN  THE  BATTLEFIELD  ENVIRONMENTS  WITH 
~IAllORED  SOILS  (BETS)  SERIES 

James  fi.  Masoni  Katherine  S.  Long,  and  Lewis  K.  Link 
U.  S.  Army  Engineer  Waterways  Experiment  Station 
Vicksburg,  HlsBlsaippi 

ABSTRACT 

The  gunsration  of  dust  by  combat  activity  la  a  subject  of  work  now  In  progress  at  the  U.  S.  Army 
Engineer  Watarweys  Experiment  Station  (WES).  The  work  has  Involved  psrtlelpatlen  with  other  Army  lab¬ 
oratories  In  flsld  exsrclaaa  as  well  aa  inrhouaa  taatlng  to  determine  aoll  and  terrain  propartlaa 
affecting  atmoapherlc  loading  by  txploalvaa.  Tha  axtrame  difficulty  of  obtaining  rapraeantativa  mea- 
■uramentt  of  exploelve  duet  eloude  le  a  major  obatacla  making  It  neceeaary  to  coneldar  alternative 
epproaohes. 

This  paper  daecrlbae  the  reeulta  obtained  at  WES  under  the  Battlefield  Bnvlronmanta  with  Tailored 
Solla  (BETS)  taet  aarlai.  A  qualitative  modal  of  tha  loading  proceaa  with  some  energy  eonelderatlona 
ii  Included.  Different  mathoda  for  naasurlng  maaa  loading  arc  compared.  Finally,  obiervetlona  with 
different  call  typea  and  pvopertloe  end  thalr  affects  on  dust  gansratlon  are  discussed. 

1.  IhTRODUCTIDN 

The  Ui  S,  Army  Engineer  Watarwaye  Exparlmant  Station  (WES)  le  conducting  a  earlas  of  experiments 
for  the  etudy  of  battlefield  euvlronnents  using  tailored  soils.  The  objective  of  BETS  la  to  determine 
those  tarreln  properties  that  influence  tha  production  of  dust  by  nigh  axploalvas  (HE)  and  other  activ¬ 
ities  on  the  battlafi  1.  The  need  for  such  taste  stems  from  tha  fact  that  tha  performance  of  many 
weapons  systanr  Is  ssvarsly  degraded  In  optically  ohsourad  anvli'onmants. 


1 . 1  PURPOSE 


Models  of  weapons  lyataas  environments,  like  tha  EOSABL  of  the  Atmoapherlc  Sciences  Laboratory 
(ASL)  [Reference  1],  and  weapons  systtma  performance,  like  BELDWSS  of  tha  U.  S,  Army  Mlaalle  Command 
[Reference  2],  Incorporate  dual  generation  faaturaa.  However,  there  le  a  need  for  more  accurate  rela¬ 
tions  to  describe  the  amounts  of  dust  or  atmospheric  loading  produced  by  combat  activities  as  func- 
tlonsof  terrain  condltlona.  Tha  davclopmant  of  such  relations  and  of  methoua  for  their  uae  In  battle¬ 
field  equipment  performance  evaluations  le  the  goal  of  the  BETS  series. 


1.2  SCOPE 


Efforts  to  date  heve  been  confined  to  the  effects  of  real  and  Simula  ted  munitions  burets.  Future 
plans  Include  Inves'.lgstloni  of  the  effects  of  mussls  bleste,  vehicles  and  aircraft.  In  thla  paper  we 
deacribt  the  underlying  theory  end  featutea  of  buret  phenomena  and  dlecuas  related  test  reeulta.  Since 
the  WES  has  aupported  aeverel  recent  battlefield  environment  teats  the  observat Iona  made  herein  Incor¬ 
porate  those  reaulte  as  appropriate. 
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2.  BACKGROUND 

2. 1  EXPLOSION  PROCESS 

At.noBph«rle  loading  by  tha  Intaractlon  of  HE  with  tha  tarraln  la  a  conplax  procaaai  Tha  brlaf 
daaorlptlon  which  followa  will  aavva  to  llluatrata  tha  laparata  loading  machanlana  and  to  Identify  tha 
controlling  terrain  propartlaa.  It  la  rebtrlcted  to  an  uncaaed  HE  detonatad  at  tha  aurfaca  above  a 
level  hofnoganeoua  tarraln  medium. 

The  procaai  conalata  ofi  (a)  tha  eonvaralon  of  tha  HE  maaa  to  a  aupachaatad  gaa  which  axpandi 
rapidly  to  an  equilibrium  voluma,  (b)  tha  davalopmant  of  two  hamlapharlcal  ahoek  fronta,  one  In  tha  air 
and  the  other  In  tha  aoll  medlumi  (c)  the  excavation  of  aolld  material  an  kinetic  energy  la  tranafarrad 
from  tha  expanding  gaa  to  tha  aoll  madlumi  and  (d)  tha  dlaturbauca  of  tha  lurroundlng  aurfaca  by  tha 
ahock  fronta  and  by  Impacting  ajacta.  Three  aourcaa  of  duet  may  ba  Idantlfladi  tha  moving  aurfaca  of 
tha  developing  crater  during  the  excavation  prooaaat  tha  axpoard  aurfaoaa  of  ajaetaj  material,  and  the 
aurroundlng  tarraln  aurfaca.  Tha  relative  contribution  from  aaeh  of  thaaa  dapanda  upon  the  phyalcal 
propartlaa  of  the  tarraln  and  tha  alia  and  configuration  of  the  bleat. 

Note  that  we  have  not  Included  in  thla  daecrlptlon  tha  davalopmant  of  buoyancy  and  entralnnant  In 
the  atmoaphara.  Hera  wa  era  concerned  only  with  tha  dapoaltlun  of  duit  In  tha  air.  Dairrlptlona  of 
bouyancy  and  antralnmant  are  given  In  Raferoncaa  3  and  4  and  more  detailed  dlacuialena  of  axploalva 
cratering  may  ba  found  In  Rafarence  S. 

2.2  LOADING  MECHANISMS 

EXCAVATION.  Tha  active  machanlara  on  the  expending  crater  aurfaca  during  tha  excavation  procaia  la 
primarily  wind  eroilon  However,  tha  atandard  theory  may  not  be  applicable  becauia  of  the  extrema 
velocltlea  and  praaauraa  axpariented.  Eroded  material  movaa  along  the  surface  and  la  ejected  at  the 
rltn  In  a  thin  conical  aheet.  The  proceaa  la  llluatritad  In  Figure  1.  The  ejection  angle  remalna 
fairly  conatanc  and  depends  on  soil  danalty,  water  co.rtent  and  charge  placement  [Reference  6].  It  may 
also  be  related  to  Che  angle  of  repose. 

Ejection  valocltlen  dlmlnlah  from  an  Initial  peak  until  the  proceaa  ends  with  a  maislve  slumping 
of  material  uver  Che  rliti  of  the  craler.  This  la  cuiistatenl  with  an  iiieraaslng  surface  area  and  mnas 
over  which  the  kinetic  energy  from  the  expanding  gaa  la  being  dlatrlbuted.  The  ejecta  having  the 
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hlghait  vilocltlaa  hav*  baan  found  to  orlglnata  naareat  the  original  surface  [Reference  !].  Moat  of 
the  dust  from  this  process  la  probably  deposited  In  the  early  stage.  Grain  sizes,  plsstlcJty,  end 
water  content  are  believed  to  be  the  properties  controlling  this  process. 

ABLATION.  As  larger  fragnants  of  ejected  isatorlal  pass  through  the  air,  particles  are  ablated 
from  their  aurfaeec.  Bxamplee  of  ihle  proceee  mey  be  :.een  In  photographs  of  such  diverse  events  as  the 
Mt.  St.  Helene  eruption  [Reference  7]i  nuclear  elmulatlons  [Reference  8],  and  our  own  taste  [Flguie  1]. 
The  separation  of  Individual  duet  particles  le  thought  to  be  due  largely  to  aerodynamic  erosion  but  may 
also  Involve  thermal  and  outgaslng  effects.  Water  content,  plastic  and  eohaelve  properties,  and  grain 
sizes  are  considered  dominant  controlling  properties. 

PORK  AIR.  A  Bubetantlal  dapoalt  of  duet  is  often  observed  along  the  terrain  surface  to  consider¬ 
able  distances  from  a  blast.  This  material  appears  sometime  after  the  blast  and  rises  very  slowly, 
usually  to  no  mure  than  2  or  3  maters  In  height.  It  is  caused  chiefly  by  the  expansion  of  pore  air  in 
the  soil  following  paaaage  of  tha  ahock  front,  and  tu  laasar  dagraa  by  tha  Impacts  of  ajacta.  The  air 
in  aoll  pore  spaces  Is  compressed  during  tha  ovarpraaaure  phase,  and  rapidly  axpanda  In  the  rarefaction 
phase  to  separate  and  Impart  small  Initial  upward  velocities  to  aoll  grains  at  tha  surface  which  are 
then  lifted  farther  by  turbulence.  Soil  moisture  and  porosity  as  wall  as  vegetation  are  believed  to 
dominate  this  process. 

2,3  THEORETICAL  BACKGROUND 

fisfore  discussing  the  test  results,  a  brief  comment  on  the  distribution  of  deposited  material  may 
be  helpful. 


CAS  EXPANSION,  The  distance  to  which  the  Initial  gee  expansion  extends  may  be  estimated  roughly 
from  the  gas  law.  For  one  kilogram  of  TNT  with  a  heat  of  combustion  of  IIDO  calories  per  gram 
and  for  total  mass  conversion  and  a  specific  heat  of  unity,  the  resulting  gases  will  expand  to  a 
radius  of  U.B2  meters.  This  Is  of  the  same  order  of  size  as  the  crater  radius  in  loose  soil. 

EJECTA  DYNAMICS.  The  distance  to  which  ejecta  will  travel  for  a  given  charge  weight  may  be  de¬ 
rived  from  observations  of  ejection  angtes  by  Andrews  (Reference  6]  and  ejection  velocities  by  Hcehiiugb 
[Reference  V).  Seebsugh  provides  the  empirical  relation 
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V  -  566  nu"‘ 


whurt?  yluld,  U  ,  la  in  megatuna.  'ihe  result  for  a  1  l.ilugram  charge  at  the  surface  Is  18 .2  mB~ 

For  an  sjsctloh  angle  of  AS*,  which  Is  typical,  the  range  of  Impact  for  a  simple  ballistic  trajectory 
In  vacuum  would  be  A7>7  meters.  Of  course  the  actual  value  will  be  reduced  by  drag  forcei. 


ACiRbDVNAMlC  EfFECTB.  We  may  estlnets  the  distances  to  which  Indlvlduel  dust  particles  are  de¬ 
posited  from  energy  cons Ids rations  by  employing  btokee*  formula.  The  rata  at  which  the  velocity  of  a 
particle  of  radius  R  felling  through  a  fluid  of  viscosity  Is  diminished  by  aerodynamic  drag  la 

■  -eirnMt  <2 


Integrating  and  setting  v  >  v^j  at  t  •  0  yields 
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from  which  we  may  compute  the  time  required  to  attain  tha  settling  velocity,  .  In  turn,  Integrat¬ 
ing  V  dt  yields  the  distance  traveled  by  tha  partlels  bafors  v  Is  reached. 


Reprusuntai tve  travel  distance  values  arc  given  in  Table  I.  As  an  example,  a  0.01  particle  of 
quart!!  wlU  travel  only  0.032  cm  before  being  dominated  by  the  air  stream. 


Particle 

Radius  Travel  Dietance  in  cm  by  Particle  Type 
mm _  Quarts  Mica  Charcoal  (pine) 


It  Ih  clear  that  indlvlduel  duat  particles  will  become  captives  of  the  flow  regime  soon  after  they  are 
HU|iuriiti:!  [rum  the  mauB.  Thu«,  Individual  dust  particles  swept  from  the  aurface  hy  the  Initial  expan¬ 
sion  will  not  he  deposited  appreciably  beyond  tlie  expansion  rndlue. 


SlIMMAHV  IIK  VAKlAHl.Kll.  Duat  partirlea  cohere  to  the  soil  mess  hecauee  of  electrical  and  rheml- 
iM  I  liirii'H  and  a  'Ugntflcant  mechanical  action  1b  required  to  separate  them.  One  Important 
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factor  Influencing  cohesion  Is  water  which  forms  a  film  on  grain  surfaces.  It  follows  that  particle 
surface  ares,  and  hence  slr.e  and  shape,  Is  Important.  From  such  considerations,  the  soil  properties 
believed  to  most  slgiilf Icsitt ly  Influence  or  correlate  with  dust  loading  are  the  grain  size  distribu¬ 
tion,  water  content,  hulk  density,  porosity,  Atterburg  limits  and  clay  minerology,  Descriptions  of 
these  properties  and  their  measurements  may  he  found  in  Reference  10.  Additional  terrain  factors  that 
must  be  considered  are  the  vegetation  type  and  amount,  vegetation  root  density,  sod  depth  (depth  of  the 
A  horlson),  and  the  mechanical  state'  of  the  surface, 

3,  BETS 

3.1  DESCRIPTION  OF  TESTS 


The  concspt  of  the  BETS  serlea  la  to  conduct  explosive  tests  on  specially  prepared  soil  beds  In 
which  the  propartles  Just  Identified  can  be  controlled.  In  FY-SO,  tests  wars  conducted  at  three  loca¬ 
tions  (Table  tl) .  The  B  series  was  conducted  In  cooperation  with  the  ASL's  DXRT-III  series  and  with 
the  WES,  Slructurcs  Laboratory's  Munitions  Hare  Oasod  Equivalence  testa.  The  C  portion  was  a  Joint 
effort  with  the  Tropic  Test  Center,  Panama. 

TABLE  It.  BETS-BO  OBSCURATION  TESTS 


Deaisnation 

Location 

Date 

Objective 

BETS-BO  A 

Vicksburg,  MS 

Continuing 

Soil  type,  moliture, 
strength,  and  vegetation 
effects 

UETS-BO  B 

Ft.  Polk,  U 

April 

Optical  propagation  affecta 

BE'ib-80  C 

Ft.  Ciafton,  Panama 

August 

Moisture,  vegetation  effects 

Teat  beds  were  prepared  ae  ahuwn  in  Figure  2  with  soils  selected  according  to  their  grain  size 
distribution.  Ttiree  principal  soils  were  clmsin  to  reELect  a  wide  range  of  terrain  conrtitiona.  A 
heavy  clay  with  90-43  percent  by  weigliL  consisting  of  particles  less  than  O.Ol  mm  in  diameter  provides 
a  highly  cohesive  and  plastic  soil,  and  washed  sand  with  O-IO  percent  leas  tlian  0.01  lam  piovldes  a  non- 
coheslve,  nonplastic  soli.  Intermediate  cundltlens  are  provided  hy  a  silt  of  43-55  percent  lesa  than 
0.01  mm.  Otadatlon  curves  for  these  nutterlals  sre  shown  l.r  Figure  3.  Moisture  content  and  density 
were  controlled  by  thoroughly  mixing  iiK'.isured  ainoinitrf  of  water  and  dried  soil  materials  and  packing  the 
resulting  hoIIh  In  the  test  buds. 
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3.2  DESCRIPTUIN  OF  MEASUREMENTS 

Tests  were  coiiductert  with  HE  of  0.227,  0.454,  2.27  ky  yields  plaoeil  on  test  beds  in  siiitace 
tunyent  (STl  and  surface  tanycnt  burled  (.STB)  conf  lyiitst  Ions  (ct  .  Flyere  2).  MensiiremiMitH  at  each  test 

Included  soil  properties,  ejecta  niaas  distribution,  crater  depth  and  diameter,  and  the  resulting  dust 
cloud.  Soil  measurements,  Incl.udlngwet  and  dry  density,  water  content,  cons  index,  and  remolding  Index, 
were  nadu  following  procedures  described  In  Reference  10.  Meteorological  data  consisting  of  tempera¬ 
ture,  wind,  humidity,  and  Insolation  were  also  measured  at  the  iiltee, 

The  meaeurement  of  the  dust  clouds  has  posod  a  particularly  difficult  problem,  Because  of  the 
suvare  environment,  conventional  samplers  cannot  be  plscod  near  the  blast,  and  the  transient  nature  of 
tile  events  makes  It  difficult  to  collect  sisesbls  samplas,  Wu  have  used  impact  samplers  coated  with 
sdhealva  tape  end  photographic  Imagury,  both  with  limited  auccnse.  At  Ft,  Polk,  Ls,,  optical  transmis¬ 
sion  data  and  convsntlonsl  samplas  were  obtslned  by  the  ASU,  bui  results  are  not  yet  available.  The 
photographic  coverage  was  generally  obtalusd  iminy  dunl  70  mm  Hulcher  sequencing  cameras  opuratnd 
stereogrephlcslly  with  a  eequonce  interval  of  one  second,  However,  the  atereographlc  feature  has  nut 
been  utilized,  Ejecta  eamplea  were  obtained  In  ordinary  23  cm  pie  pans  and  on  60  by  120  cm  flat  panels 
posltlonsd  at  measured  intervals  around  the  point  of  burse  (POD)  as  shown  In  Figure  2. 

3.3  ANALYSIS  AND  RESULTS 

F,J  EOT  A.  Tn  l!ETS-8C)  B  where  2.27  kg  exploHlve  cliarges  were  used,  ejudta  samples  were  culli'cted 
from  26  events  using  pans  and  from  II  events  lining  piinuls.  In  BETS- BO  A,  with  0.227  kg  chatyeH, 

12  events  were  sampled  with  ench  method.  Ttie  renultn  of  tent  A  are  summarized  In  Flguru  4.  Tliey  are 
preaented  aa  reduced  depth,  De,  and  reduced  radius,  Ke,  fur  purposes  of  validating  the  sampling  proce¬ 
dure  against  published  data.  Linear  regreMslnn  resiiltn  are  found  to  agreo  well  with  results  of  Hooke 
(Reference  11)  and  with  Andrews  (Hererence  6)  ulio  used  a  contlmious  nampLlng  method  with  an  erficleucy 
approaching  unity.  His  curve  can  he  seen  to  have  a  Hlmllsr  nlope,  hot  displaced  tn  much  higher  values; 
reflecting  the  lower  efficiencies  of  the  pnii  and  piinol  collect,  rs.  The  resulting  linear  regression 
equations  shown  In  the  figure  can  he  adjusted  hy  a  simple  constsnt  multiplier  to  produce  results  that 
approximate  near  10,)  percent  sampling  efftcleccy. 

Wo  have  delerinlnoi  the  ejecta  mass  dl-il  r  Ihut  Ions  ohtii  liied  Irom  HETH-HO  A  dills  wltli  this  n.impllng 
protodiiro  (Klgiire  5s),  slid  tntegrstvd  the  rosu'ts  almiit  tlio  sxoh  ol  the  ,  riitors  to  iihtslu  totslii 
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of  mass  ejected  I  ThoBe  inaBs  valucB  were  divided  by  tl.e  mean  In  situ  bulk  density  to  yield  ejecta 
volumes  whlcti  are  compared  to  computed  apparent  crater  voluraea  In  Figure  5b.  It  can  be  seen  that 
significant  differences  exist.  In  view  of  the  earlier  dlBCUSsions  of  dust  deposition  It  is  clear 
that  there  la  some  risk  associated  with  relating  ejecta  measureraents  directly  to  mass  loading  in  the 
cloud,  but  this  method  Is  considered  to  be  an  Improvement  over  that  which  uses  only  crater  volume, 

Crain  sizes  in  the  ejecta  will  tend  to  be  larger  than  In  the  In  situ  materiel  due  to  the 
removal  of  fines  to  form  the  cloud.  A  sieve  analysis  of  pan  samples  Is  shown  for  silt  in  Figure  3 
where  it  can  be  seen  that  the  quantity  of  fines  Is  substantially  reduced.  Test  data  that  will  be 
analyzed  In  the  near  future  should  provide  more  Information  on  how  to  relate  In  situ  grain  size  dis¬ 
tribution  to  those  of  the  dust  cloud.  These  relationships  can  be  used  directly  to  estimate  the  por¬ 
tion  of  ejecta  mass  that  composes  the  cloud  mess, 

DUST  CLOUD,  Samples  of  the  airborne  dust  can  be  obtained  on  adhesive  Impactors  placed  around  the 
FOB,  Such  devices  were  used  In  tests  A  and  C.  The  impactors  were  mounted  on  electron  microscope  stubs 
end  analyzed  by  photographing  the  sample  and  counting  the  particles.  Figure  6  shows  an  example  of  the 
data  (inset)  and  the  results  from  test  A.  Sampling  efficiency  again  must  be  considered  (see  Appendix  A 
for  a  discussion  of  this),  and  sampling  time,  which  Is  necessary,  Is  difficult  to  measure  accurately. 
The  concentrations  for  diameters  ranging  from  0.003  to  0.3  mm  were  obtained  by  estimating  the  sampling 
time  from  photographs  and  assuming  a  homogeneous  distribution  throughout  the  cloud. 

In  an  effort  to  evaluate  relative  mass  loading  from  various tlxsd  events  for  which  samples  are  not 
available,  the  duration  of  the  visible  dust  cloud  wss  considered.  Sequenced  photographs  from  UIRT-II 
and  bKTS-80  B  were  used.  We  found  that  the  clouds  from  tests  on  wet  or  moist  soils  sometlmus  outlasted 
those  on  dry  soils,  suggesting  that  subetantlal  portions  of  the  clouds  may  have  been  composed  of  water 
droplets.  In  general,  however,  cloude  from  larger  events  and  from  dryer  sites  were  most  persistent. 
Figure  7,  which  includes  data  from  DlKT-ll,  summarizes  the  results.  When  testa  from  dry  sand,  silt, 
and  clay  pads  under  identical  conditions  with  moist  terrain  surface  (to  minimize  dust  skirts)  were  com¬ 
pared,  the  clouds  for  silt  and  clay  were  found  to  be  about  equal  In  persistence  at  about  twice  the  value 
for  sand. 

An  Interesting  result  seen  in  the  Imagery  from  BETS-80  B  Is  the  dust  skirt  that  aurrounde  the 
blast  but  rumaina  near  the  surface.  The  humidity  during  that  aerlea  waa  typically  higher  in  the 
morning  but  diminished  ss  solar  Insolation  increased  each  day.  Figure  8  shows  clouds  at  T  ♦  10  seconds 
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Cor  three  evehtH  conducted  on  dry  loiCa  ttt  difCecent  tlmeB  on  30  Aprili  In  the  morning  when  aurCace 
molsturo  Wii8  highest  the  cloud  la  in  the  form  of  a  vertical  column  and  la  confined  to  the  vicinity  of 
the  burst  (llgutu  &a) .  In  the  afternoon  at  the  same  location  the  cloud  rose  from  the  surface  to  con¬ 
siderable  distances  from  the  FOB  (Figure  8c).  The  Incorporated  Mtarlal  clearly  did  not  originate  In 
the  crater  (excavation  proceaa).  Since  It  forma  a  subatantlal  portion  of  the  cloud,  it  is  also  clear 
that  the  tailored  soli  In  this  particular  event  was  not  accurately  capreoented,  because  much  of  the 
resulting  obscuration  arose  from  this  skirt  and  hence  was  native  soil. 

The  event  depicted  In  (Figure  8b}  is  a  graphic  example  of  an  early  nwrnlng  shot  for  which  the  sur¬ 
face  was  moist.  Note  the  ssull  plume  to  the  right  of  the  burst.  This  proved  to  be  the  sits  of  a  bad 
prepared  with  dry  clay  and  the  plume  has  been  raised  by  the  shock  front.  On  other  shots,  similar 
results  were  observed  above  the  dirt  road  to  the  left  of  the  site  but  not  over  the  more  vegetated  area 
on  the  opposite  side. 


4.  SUMMARY  AMD  CONCLUSIONS 


From  the  BSTS  series  date,  the  following  conclusions  can  be  drawnt 

(a)  Substantial  portion!  of  duet  can  be  ganerated  from  the  surface  around  e  FOB. 

(b)  Soil  moisture  end  vegetation  condltlona  have  a  large  Impact  on  dust  contribution. 

(c)  Sandy  eolle  are  leas  productive  of  dust  then  sllte  or  clays. 

(d)  Clays  do  not  appear  appreciably  more  productive  than  elite,  probably  due  to  the  cohaslvaness 
of  clay. 

Unanswered  queatlone  remain  regarding  actual  amounts  and  eise  distributions  of  airborne  materiel)  how¬ 
ever,  eampllng  methods  have  been  doveloped  that  offer  promise  for  solving  this  problem.  Modifications 
of  particle  slse  distributions  due  to  blast  effects  may  be  significant  In  soma  aolls)  this  phenomenon 

bears  further  study.  Measurements  of  loading  by  pore  air  expansion  In  relation  to  terrain  surface  con¬ 
ditions  ari!  desirable)  this  should  be  squally  true  for  nussle  blast  loading. 

Crater  volume  as  an  Indicator  of  loading  haa  bean  largely  ignored  In  this  serlee  becauae  of  the 
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uncertainties  associated  with  soil  compaction  and  back  filling.  Howcveri  the  modeling  of  the  excava¬ 
tion  process  Is  needed  to  properly  describe  the  deposition  of  material  and  the  effects  of  variations  in 
munition  sire. and  placement.  To  date,  munitions  effects  have  been  explicitly  omitted  in  the  BETS  series 

because  of  the  desire  to  asleas  terrain  effects.  However,  munitions  effects  will  be  examined  later  In 
the  series. 
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APPENDIX  A.  DISCUSSION  OF  THE  COLLECTION  EFFICIENCY  OF  IMPACT  SAMPLERS 


Thi!  velocity  v  ,  at  which  a  spherical  particle  of  density  p 
fluid  Is  given  by  Stokes’  formulas 


V 


2 

9 


r 


2 

u 


and  radius  r  ,  will  fall  in  n 


<1) 


where  g  Is  the  accelerating  force  (gravity)  and  fi  ia  the  viscosity  of  the  fluldi  For  a  quarts 

-4 

particle  In  air  at  standard  pressure,  P  -  2.65  gn/cc  and  M  1.79  x  10  (centimeter  *gram>second 
units)  so  that  for  a  1.0  yo  radius  particle  the  fall  velocity,  v  >  0.032  cm  aac'^  and  for  a  lU.O  ym 
particle,  v  *  3.23  cm  aec~^. 


If  we  expose  a  horlxontal  surface  of  area  A,  for  a  time  T  in  still  air  containing  a  uniform  dla- 
—3 

perslon  of  N^  m  of  particles  of  l.O  pm  radius  falling  undar  the  force  of  gravity,  tha  axpoaad  aurface 
will  accumulate  these  particles  at  a  rate 

dN 

^  -  N  .  V  .  A  (2) 

where  N^  Is  the  number  of  particles  collected.  As  shown  in  FlgureAlsall  particles  lying  within  tha 
vsrtlcal  cylinder  above  A  will  be  Intercepted  by  aree  A.  Howavar,  alnca  the  area  will  only  be  ex¬ 
posed  for  a  finite  time  T  ,  there  Is  some  distance  D(^T)  for  which  particles  lying  above  D  at 
Initial  exposure  (time  -  0)  will  not  be  collected  because  they  will  not  reach  tha  aurfaca  in  tine  T  . 
Conversely,  a  volume  Is  identified  by  DA(or  vTA)  In  which  all  particles  are  collected. 


Now  suppose  the  air  Is  in  uniform  horizontal  motion,  V  ,  to  the  right  (In  the  figure).  Then  all 
of  the  particles  in  the  original  cylinder  will  not  be  Intercepted  by  A  ,  The  particle  Indicated  by  B 
for  example  will  pass  to  the  right  of  A.  A  new  sample  volume  Is  defined  ae  In  Figure  Alb.  The  height 
of  this  volume  Is  still  D  and  the  volume  still  equal  to  AD  .  A  different  set  of  particles  will  be 
collected  hut,  since  we  specified  s  unlfut;m  concentration  N  ,  the  total  will  be  the  same. 

Next  let  us  suppose  that  the  particle  distribution  Is  confined  to  a  fixed  region  of  the  moving 
air,  say  u  vertical  sheet  of  thickness  W  ,  and  instead  of  an  exposure  time  T  we  simply  allow  the 
passage  of  the  coiitanilnated  volume  to  determine  T  .  The  time  required  for  this  passage  will  be 
T  -  W/V  sec  when  the.  teat  surface  A  la  within  the  volume.  The  sampled  volume  Is  found  to  be  AD 
where  1)  -  vT  and  we  have  redefined  T  as  W/V  hence, 
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Sample  volume  •  AvW/V  (3) 


The  total  number  of  partlcleu  collected  will  be  ”  NAvW/V  from  which 

N  V 


w 


Thus  we  need  to  measure  (1)  the  velocity  of  flow,  V  and  (2)  the  width  of  the  region,  W  In  the 
direction  of  V  In  order  to  determine  the  concentration  U  ■ 


To  apply  this  aquation  in  a  realistic  setting  we  must  consider  that  particles  of  varyln;:  sizes  will 
exist  In  different  amounts.  Thus  v  ,  a  function  of  particle  radius  r.  Is  not  a  constant.  It  Is  then 
necessary  to  integrate  or  sum  eq  (4)  over  the  range  nf  r  .  Noting  that  la  also  a  function  of  r 

and  with  substitution  from  (1)  Into  (4), 


Thus  the  size  distribution  of  the  medium,  N  ,  Is.  related  to  that  of  the  sample  by  a  constant  term 
(1^)  *  *  “•*■“**<*  quantity  ]  and  the  function  . 
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Figure  ] .  This  schematio  drawing  depicts  a  hair-section  view  of  the  explosive  crater  In  three 
separate  stages  of  development,  The  point  of  burst  (I’OB)  is  Indicated  by  (x).  Posltlonu  (1) 
and  (2)  show  successive  stages  of  the  advancing  crater  surface  with  cjectn  exiting  at  a 
relatively  constant  angle  at  the  rim.  Posltlnn  (3)  to  the  final  surface  of  the  apimrent  crater. 
Note  the  backfill  at  the  bottom  and  the  raised  lip.  The  apparent  depth,  I'li,  and  apparent  radius, 
Ku,  are  measured  in  explosive  teats.  The  photograph  shows  11  luirfnce  detoiiatloii  on  dry  olH. 

Note  the  ejecta  speai a  with  trailing  dust. 
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PLAN  VIEW 


Hfforu  'Ihe  ^o^t,  arruneemcnt  for  BETS  Is  InaicaUri  In  these  dlngrama.  Note  the  difrere.iee 
in  Bottlea.  The  aeetioii  view  shows  the  manner  in  which  material  is  removed  to  allow  placement 
oi  the  test  soil.  The  nlan  view  Itulicatea  the  pouitiono  of  aomplerB .  At  least  three  pans 
lire  placed  on  each  radiul. 
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l‘’igure  'ji  Tht!  meaBurumentB  jf  ejecta  material  collected  In  21  cm  diameter  pane  are  illuHt  ated 
(top)  ill  termw  of  ureal  deuslty  vs.  radial  dlatance.  A  linear  regT'esBion  provided  the  curve 
Hliuum  which  waa  then  integrated  to  yield  total  ijecta  volume.  The  comparison  of  thot  volume  to 
apparent  crater  volume  fur  Heveial  events  Ib  ahovn  at  bottom. 
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Figure  cloud  duratlone  as  uetermlned  from  photographs  are  plotted  vs.  explosive  yields 

for  tests  from  the  BETS  and  the  DIRT-II  series. 
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Fip;ure  Al.  The  collection  of  particlea  falling  without  lateral  motion  (top)  and  with  (bottom) 
in  a  gravity  field  on  a  horiiontal  surface,  A. 
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gjUREATIOMS  BEIWEaM  SOIL  PARWETEKS 
AND  OBSCURATION  FEMURES  OF  ClOmS 
PHODUCg)  BV  MWmONS  IN  TOE  HUMID  TROPICS 

Mr.  Robert  J.  Fuchs 
CPT  Marie  Martinuccl 
UB  Army  Tropic  Test  Center 
Fort  Clayton,  Republic  of  Panama 

ABSnUCT 

V 

Field  trials  in  battlefield  obacuration  were  conducted  jointly  by  the  US  Amv  Tropic  Test  Center 
(USATTC)  and  US  Amy  Watervwya  Experiment  Station  (USANBS)  in  the  Republic  of  Panama  during  July  and 
October  of  1980.  The  objective  was  to  determine  the  relaticnship  between  soil  parameters  and  obBoura~ 
tion  features  of  clouds  produced  by  munitions  and  explosives  in  the  htmid  tropics.  A  oonblned  total  of 
sixty-six  155-  and  105-milllmeter  annunltian  rounds  and  15-pound  7m  chargee  were  detonated  statically 
in  varying  types  of  eoil  and  tropic  vegetation.  Obscuration  areas  during  cloud  growth  stages  were 
dlgitiied  from  video  reoordinga  of,  eaoh  detonation.  Correlations  between  obeouration  parameters  and 
BolVvegetation  parameters  were  weak.  Obeouration  was  due  mainly  to  nnoke  rather  than  dust,  and  was 
t  minimal  during  the  wet  aeaeon  in  the  humid  tropics. 

1.  BKa<GROUND  AND  OBJECTIVE 

The  performance  of  many  madern  weapons  systems  oan  be  affected  sdveceely  by  heavy  ocnoentratlons  of 
dust  and  anteke  in  the  air.  In  recent  years,  a  systematic  effort  has  been  underway  to  aaseaB  such 
effaota,  both  in  the  field  and  through  mathematical  computer  models,  to  meet  the  need  for  a  more 
realistic  battlefield  representation.  Because  much  of  the  obscurant  material  on  the  battlefield 
originates  in  the  soil  and  is  raised  by  battle  activity,  the  link  between  obecurant  .material  and  terrain 
must  be  understood  properly. 

USAWES  and  USATTC  conducted  a  oooperative  reeearch  project  in  the  humid  tropics  of  the  Republic  of 
Panama  from  July  through  October  1980.  The  objective  waa  to  determine  the  relationship  between  soil 
parameters  and  obscuration  features  of  clouds  produced  by  munltinns  and  exploeivea  in  the  humid  tropics, 
A  oombined  total  of  alxty-slx  105-  and  155-mlllimster  annuniticn  rounds  and  15-pound  TNT  churges  were 
detonated  atatlcally  In  various  types  of  vegetation  at  three  sitea,  including  an  ocean  beach  site. 
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2.  jSJMWOr  OP  PROCESUnES 

The  test  ves  conducted  at  Qnplre  Range  6  (on  the  Pacific  side  of  the  Isthmus  of  Panama)  and  at  Mlndl 
Farm  and  Pina  Beach  (on  the  Atlantic  side) .  In-place  detonations  of  155-ratlliineter  rounds,  105-railllme~ 
ter  rounds,  and  15-pound  (6.8  kg)  blocks  of  TWT  were  enployed  at  Range  6  and  Mlndl  Farm;  only  TW  was 

used  at  Pina  Beach. 

At  Qiplre  Range  6,  three  blast  areas  mre  used.  TW>  of  these  areas  were  chosen  because  each  area 
was  covered  by  a  different  grass  speclesi  Qvnerlum  saclttatum  (3  to  4  meters  high)  and  Panloum  sp  (1 
meter  high) .  Ttw  third  area  was  mder  the  jungle  canopy.  Half  of  the  blast  surface  on  each  of  the  two 
grass  areas  was  covered  for  several  days  to  dry  the  soil.  The  covering  was  high  enough  above  the  groiind 
to  allow  soil  Rolsture  to  evaporate  without  destroying  the  vegetation.  It  was  not  removed  until 
imnedlately  before  blasting  to  minimise  exposure  to  rain.  Ho  attempt  was  made  to  dry  the  toll  In  the 
third  (jungle  canopy)  area  of  Range  6.  Three  shots  (one  each  of  ISSmm,  lOSnn,  and  TVT)  were  detonated 
statically  In  three  different  graas  levelst  uncut  graes)  grass  out  to  0.3  to  O.S  matert  and  bare  soil 
cleared  of  all  grass.  The  grass  was  not  out  In  the  area  under  the  jungle  canopy.  The  155-  and 
lOS-mllllneter  munitions  were  set,  nose  down,  on  the  ground  at  a  30-dograe  angle  of  attack  and  detonated 
electrically.  The  Ttir  was  placed  so  that  the  total  charge  detonated  olmultaneously. 

At  Pina  Beach,  eight  TNT  charges  ware  detonated.  The  chargee  were  set  on  the  ground  surface  In  six 
different  areasi  white,  eaturated  sand  (shoreline))  white,  wet  (top  centimeter  partially  dry)  sand) 
black,  wet  (top  centimeter  partially  dry)  sand)  Ipunoea  oes-caprae  (morning-glories))  Hvmenooallls 
amer leans  (spider  Illy)  i  and  Panlcum  naxlmum  (2  to  3  meters  high) .  No  munitions  were  detonated  at  the 
Pina  Beach  site  ard  no  artificial  drying  of  the  soil  was  attempted. 

At  Mlndl  Farm,  the  munitions  and  charges  were  detonated  In  three  different  levels  of  vegetation: 
Ovnerluro  saglttatua  (3  to  4  meters  high),  Ovnerlun  saglttatun  out  to  0.3  to  O.S  mater,  and  bare  soil 
cleared  of  all  vegetation.  The  explosives  were  set  cn  the  ground  and  detonated  In  the  same  manner  as 
at  Range  6. 

At  all  sites,  bulk  soil  samples  were  taken  before  and  after  the  detonations.  Com  Index  (Cl) 
measurements  were  made,  and  moisture  and  density  samples  were  collected.  Crater  measurements  were  made 
of  symnetrlc  and  asynmebrlc  craters.  Blow-out  material  wss  oollected  at  points  3,  6,  and  9  meters  from 
the  center  of  the  blast  on  the  four  points  of  the  oonpaes,  (Jungle  density  precluded  collecting 


blo^^K)ut  material  for  the  jungle  canopy  area  of  Range  6.)  Laboratory  analyses  were  performed  on  the 
bulk  samples  ard  the  blow-out  material. 

still  photograph  and  video  tape  recorde  were  made  of  all  detonations  at  all  sites.  Analysis  of 
video  tapes  provided  data  on  cloud  dlesipation.  Durand's  Rule*  was  used  to  compute  the  obscured  cloud 
area.  Opaque  cloud  areas  (through  which  jungle  or  background  targets  were  visible)  were  not  included 
in  the  obscured  area  computations. 

3.  or  REBUIflS 

ran  ohargss  produced  the  largest  obscuration  araM  for  the  longest  time  period,  followed  by  155- 
and  105-milllnwtar  rounda  (figure  1  and  table  I).  The  obsouration  from  TNT  raaultad  mainly  from  the 
black.  TMT-produaed  anoke.  rather  than  from  dirt  or  dust.  Beoauae  of  this,  the  cloud  aisaa  at  Pina 
Beach  (TNI  only)  were  ocnparable  to  those  produced  from  TNT  at  inland  bropio  aitaa  (figure  2) . 

vegetation  levels  affected  cloud  aizea  to  acme  degree.  Muniticrm  detonated  in  high,  uncut  grass 
produced  mailer  clouds  than  did  nuniticna  in  out  grass  or  bare  soil  (table  IX).  The  high  grass 
probably  had  a  dampening  effect  on  the  production  of  dust  and  other  suspended  psrtiolss  in  the  air. 

Crater  sizes  were  lergeat  at  the  Hindi  Farm  site  where  the  eoll  wee  wettest.  Resulting  obsoured 
acesB  were  largest  for  the  firat  10  aeoonda  following  detonation,  but  fell,  utf  rapidly,  leaving  no 
obacuration  by  20  aeconda. 

In  general,  oorielatians  betwMn  obacuration  parametera  and  soil  paranetera  were  weak.  A  matrix  of 
linear  correlation  coefficients  for  the  105-milllneter  data  is  presented  in  table  III.  Oombinationa  of 
prediction  variables  (e.g..  cone  indexes,  aurfaoe  moisture,  and  Atterburg  Limits)  did  fit  a  multiple 
regresaicn  model  in  adequately  predicting  cloud  size.  However,  lack  of  oonsietenoy  ahcwu  that  the 
relatlcnahips  are  rot  strong  arwugh  to  model  without  further  data. 

*  The  Chemical  Rubber  Oonpany  Standard  Hathematical  Tables,  20th  Bdltion,  Bdltor-in-Chlef  Samuel  M. 
Selby.  FhO.,  5cD,  Clevelatx),  OH.  1972,  p.  14. 
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4.  CONCLUSIONS 


Tropic  wet  aeascn  aoila  do  not  contribute  greatly  to  obscuration.  Nearly  all  obscuration  was  caused 
by  the  smoke  Erciti  the  nwnitions  or  exploeive,  amd  dissipated  within  20  to  40  seconds.  Tropic  vegetation 
does  influence  the  sise  of  clouds  produced— nunitlons  produced  snaller  clouds  in  tall  grass  than  in 
short  grass  ae  bare  soil.  A  follow-up  study  in  Panama  is  planned  during  the  1982  dry  season  to  document 
effects  of  tropic  soilai  on  obscuration  produced  by  munitlcns  and  explosives  during  the  tropic  dry 


TABLE  I.  MEANS  AND  SIGNIFICANCE  l^VEL  OF  CRATER  AND  OOUD  DATA 
FTOM  HINDI  PABM  AND  HAICE  6,  BY  MUNITIONS  TlfPE 


Munition 

Number 

of 

Ccaters 

Crater 

volume 

obscured  Area, 

Seconds  After  Detonation 

weight  of  Blow¬ 
out  Material  by 
Distance  from 
Detonation 

3m 

6m 

-M 

(m*) 

(m>) 

(g) 

wr 

16 

0.339 

130 

308 

458 

774 

475 

5,257 

1,436 

370 

lOSirm 

12 

o.ao 

87 

157 

187 

171 

18 

2,914 

834 

336 

155nm 

15 

0.531 

143 

177 

215 

259 

76 

7,176 

2,313 

974 

Significance  — 

<.001 

NS 

<.05  « 

:.001  <.001 

NS 

<.001 

NS 

<.01 

NS^iTtonBlgfnTTcant  at  the  a  -  .05  level. 
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■  S  II  IB  a  M  M  IB 

TIME  AFTER  DETONATION  (SEC) 

Figure  2.  Obaourad  Area  vareue  Tiim  CIW  Data) . 


TABIfl  II.  MBWS  AND  SiaWFICMCE  liWEL  OF  CRATBR  AND  diCIUD  PaTA 
FROM  MINDI  FftBM  MP  RANGE  6.  M  VB3B?rATtaH  MVBL 


Vegetation 

Laval 

Nuniber 

of 

Cratera 

Crater 

Vbluma 

-T- 

Obeourad  Area. 
Seoonda  After  Detonatii 

T  nr 

(m‘) 

(m‘) 

Bare  Soil 

15 

0.369 

129 

240 

353 

589 

Cut  araai 

14 

0.340 

134 

268 

290 

406 

Uncut  Qraas 

14 

0.369 

103 

151 

24$ 

272 

SigniHioanoe 

— 

NS 

NS 

<.01 

NS 

<  05 

liS  ■  Not  Significant  at  the  a  ■  .05  level. 
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INFRARED  MEASUREMENTS  WITH  THE  MIDAS  III 
RADIOMETER  DURING  SMOKE  WEEK  III  TESTS 

A  G.  Geiiter 

Cincinnati  ElactronUa  Corporation 
2630  Glandala-Hllford  Road 
Cincinnati,  Ohio  432A1 

1.  SUMMARY 

Thla  papar  auamariiat  tha  data  obtalnad  during  Cincinnati  ELactronica  Corporation'*  participa¬ 
tion  in  tta  Swohe  Week  IZI  taita  at  Eglln  AFB,  FL  from  Augutt  8  to  Auguat  14,  1980.  Tha  data  conilita  of 
aaaauramanta  of  Infrarad  radiance  of  eallbratad  target*  mada  with  tha  MIDAS  111  aeanning  radiematar. 

Thaa*  maaauromanta  war*  mad*  in  tha  apactra!  banda  3.2-4.77  urn,  4.4-4.77  urn,  3. 8-4. 2  um,  3, 4-4. 3  urn  and 
8-12  um.  Tha  MIDAS  111  ha*  an  integration  tioa  of  0,3  milliaacond* ,  a  frame  time  of  100  milliaacond*  and 

the  apatlal  raaolutlon  of  0,1  mllliradiana,  A  datailad  daaeription  of  tha  operation  of  tha  MIDAS  ill 

* 

rtdioowtar  ia  praaantad  along  with  datalla'of  ayatan  calibration. 

Alao  included  in  thi*  papar  *r*  daaeription*  of  tha  teat  objective*,  tact  alt*  and  maaauremant 

gaomatry. 


A  data  log  liat*  tha  teat  runt  for  which  data  wa*  roeordad  and  the  obacuranta,  tarenta,  and 
mataorologieal  data.  All  data  it  permanently  preaarvad  on  nagnatie  tap*.  Sanpla  atrip  chart  recording* 
of  the  raw  data  are  praaantad,  una  aajDant  of  data  from  th«  IR  No,  1  amok*  teat  it  antlyaad.  Thit  data 
damonatratea  tha  fin*  atructurad  nonunlformitle*  of  the  obaeurant  a*  it  patted  the  target.  That* 
nonuni formlt Its  craata  falaa  target  tamperatura  contraat*. 

The  MIDAS  111  can  provide  high  tpatial  raaolution  irradianee  difference  data  with  a  ahort 
integration  tiaa  of  any  apactral  band  in  tha  3-3  um  region  and  aimultanaout  data  In  thn  8-12  um 
ba.iJ.  Tha  ayatam  can  alto  be  utad  in  a  ataring  mode  to  meature  tignal  fluctuation*  in  tha  frequency 
rang*  of  0.05  Ha  to  6800  Ha.  With  addition  of  a  chopper,  rafarenca  tourc*  and  aaaociated  alaetronlct, 
tha  MIDAS  will  meature  abtoluta  radiance  lav* la. 
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2.  MIDAS  SYSTEM  DESCRIPTION 

2.1  SCANNER  AND  CONTROL  CONSOLE 

MIUAB  III  is  a  banded  radiometer  used  to  gather  target  temporal  and/or  spatial  data  in  several 
spectral  bands.  The  system  is  mode’ar  and  can  be  configured  in  a  variety  of  ways.  The  MIDAS  III  System 

uiad  for  the  Smoke  Week  III  teate  li  shown  In  the  block  diagram  in  Figure  2.1.1.  The  ayeteni  coniistcd  o 
the  scanner  and  control,  monitoring  and  recording  electronics  and  a  mobile  support  van.  An  external  vie\ 
of  the  scanner  with  the  TV  cemera  and  sighting  scope  la  shown  in  Figure  2.1.2,  The  UV  sensor  shown  in 
Figure  2.1.1  was  not  used  for  the  Smoke  Week  testa. 


Figure  2.1.1,  MIDAS  Ilt/UV  System  Block  Diagram 

The  scanner  unit  contains  two  lenses  side  by  aide,  a  four-element  germanium  lens  with  an  6-13 
urn  paasband  and  a  four-element  (two  germanium  and  two  silicon)  lens  with  a  3-3  urn  passband.  Each  of 
these  leniea  haa  a  7  inch  aperture,  e  21  inch  focal  length  end  e  resolution  of  0. 10  mi  1 1  irad ian.  Behind 
ftach  lens  is  e  coated  pyrex  folding  mirror  which  reflects  the  converging  beams  to  opposite  sides  of  the 
double  sided  coated  aluminum  scan  mirror.  The  beam  of  the  8-13  urn  lens  is  reflected  from  the  scan  mirror 
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Figure  2.1.2.  MtDAS  III  Scanner 

to  the  16  clenent  Mercury  eedmlum  telluride  (HgCdTe)  detector  located  at  the  focal  plane.  The  beam  of 
the  3-S  uffl  lane  ie  reflected  from  the  acan  mirror  to  the  24  element  indium  antimonida  (InSb)  detector 
located  at  the  focal  plane.  Both  detectora  have  ataggered  arraya  with  10  percent  overlapping.  Each 
element  in  the  two  arraye  ia  0.09  milliradlan  In  ailmuth  by  0.11  milliradian  In  elevation.  Wlien  con¬ 
volved  with  the  optical  blue  epot,  the  detector  elementa  generate  a  ayatem  reaolution  of  0.1  milliradian 
in  the  aaimuth  direction  by  0.12  mllliradion  in  the  elevation  direction.  The  two  ataggered  arraya  in 
each  detector  are  aeparatad  by  0.)  milliradian.  Eight  of  the  detector  elementa  in  each  detector  ware 
uaed  to  record  data.  Thua,  the  total  elevation  field-of-view  wea  O.B  milliradian. 

The  1-S  detector  haa  a  cold  apectral  filter  which  limita  the  paaaband  to  the  region  from  3.2  to 
4.77  mlcrometera.  A  aix-pnaition  filter  wheel  with  warm  filtera  waa  inatallad  in  front  of  the  3-J 
detector  in  "rder  to  raeaaure  the  apectral  content  of  backgrounda  at  varioua  paaabanda  within  the  3.2  to 
4.77  region.  Figure  2.1.3  ia  a  photograph  of  tho  filter  wheel.  Only  four  of  the  available  aU  poaltiona 
in  the  filter  wheel  were  uaed  for  Smoke  Week  neaaurcnent a .  The  p4aabanda  for  theae  four  filtera  were 
wideband,  4.4-4.77  micrometera,  3. 8-4. 2  inicrometara,  and  3.4-4. 3  raicrometera.  When  the  wideband 
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FlRure  2.1.3.  Filter  Wheel  Aiiembly 

filter  wai  In  poiUlon,  the  menaured  apeclrum  waa  limited  hy  the  Internal  cold  filter  on  Che  detector  to 
the  3.2-A.77  micrometer  paaiband.  The  number,  sequence  and  dwell  time  for  the  selection  of  filters  can 
be  programmed  for  automatic  operation  or  can  be  controlled  manually. 

The  scan  mirror  la  driven  by  a  cam  which  produces  a  linear  scan  of  28  mrad  from  right  to  left  In 
the  object  plane  In  73  msec,  followed  by  a  retrace  to  the  original  position  In  25  nsec.  Each  detector 
element  output  connects  to  an  analog  preamp/ post  amp  channel  which  produces  an  output  signal  corresponding 
to  the  spatial  variation  of  Infrared  Irradlance  across  the  scanned  f leld-of-vlew  within  Che  Instantaneous 
angular  f leld-of-vlew  of  the  detector  element.  The  resolution  and  sensitivity  parameters  are  shown  In 
Figure  2 . 1  .A . 
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SPECTRAL  PASSBANDS 
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Azimuth 
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LWIfl  detector 
8-13 /un 


l.r(2Bmr«d) 

0.S  mrid  (RKordwl  Dili) 
limradlToniFOV) 


0.1  mrad 
0.12  mrad 
10  Fiwmi/Sm 
S-1800  Hi 


7"  Dlaimtir,  f/3,  R.IS  mrad  Rnolulion 
BON  TranimMon 

4  Elimunt  Oirminlun 


MWIR  DETECTOR 

3.2-4.8/«n 


1.6*  (28  mild) 

0.8  mrad  (RuwiMd  Diu) 
2.3  mrad  (ToudFOV) 


0.1  mrad 
0.13  mnd 
10  Framii/SM 
0.05-1800  HI 


7"  DiwMUii  1/3. 0.18  mnd  RtHlutlon 
7QNTriittmitiiitn 

2  Gtrminium  plui  2  Silicon  Elommti 


2-3x10^0  .7-20x10^1 


2.8.8x10*’®  0,7-3  x10‘'4 


Flguru  2.1.4.  HIDA5  III  Syxcam  Pxramacarx 

2.2  DATA  RECORDING  AND  READOUT 

Th«  dxCa  lecordlng  ind  readout  alecCronica  conaiat  of  a  4  trace  oaclUoacope  for  direct  monitor 
ing  of  channel  video  aignala,  ah  8  channel  recording  oaeillograph  for  permanent  viaible  recorda  of  direct 
or  playback  aignala.  and  two  Pll-1300,  14  channel  inatrumentat ion  tape  recorder!  for  permanant  data 
recorda.  In  addit ion, there  wax  a  Sony  vidao  tape  recordat  and  video  monitor  to  record  and  diaplay  the 
pictura  from  the  TV  camera  on  the  acanner.  All  thia  aquipaent  waa  located  inaide  the  mobile  aupport  van. 


The  two  PR-1300  tape  racordera  were  uaed  in  the  PM  mode  excapt  for  the  voiro  and  IRIC  time  coda 
channel  a ^ wh ich  were  direct  mode.  The  3-3  channeli  (A1  through  AS)  ware  recorded  on  channeli  1  through  8 
of  recorder  A^  and  the  8-13  um  channel!  (Cl  thruush  C8)  were  recorded  on  Cliannela  1  through  8  of  recorder 
B,  On  each  recorder,  the  IRIO  time  code,  aximuth  aync  aignala,  and  the  voice  channel  were  recorded  on 
channeli  12,  13  and  14  reapect iva ly .  The  tape  channel  Formnt  ia  tabulated  in  Pigure  2,2.1, 
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Figure  2,2.1.  Tape  Recorder  Chennai  Fomac 

A  Bell  and  Howell  S-13A  Recording  Oeelllograph  witi  used  for  direct  recording  of  data  for 
iamediate  analyaia  and  for  later  playback.  The  oscillograph  ia  capable  of  linultaneously  reproducing  6 
channels  of  data  plua  IRIG  tine  code  and  aalouth  sync.  For  both  on-aite  data  ootiituring  and  post-teat 
atfip  out  for  data  reduction,  the  oaclllograph  was  run  at  20  inches  per  second.  In  almost  all  cases  a 
gain  of  0.2  volt  per  inch  was  used. 
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3 .  SYSTEM  CALIBRATION 

Radiometric  calibration  of  the  MIDAS  III  Syatea  wa>  accomplifhed  by  neaiuring  the  reiponea  of 
the  syatem  to  a  eource  of  known  temperature,  emieeivity,  and  angular  size.  The  calibration  wae  done  in 
the  Cincinnati  Eleetronlea  Corporation  optical  lab  on  a  16-ineh  Davideon  rtflacting  collimator,  An 
Infrared  Induatriet  bloekbody  aat  at  200*C  waa  uaad  aa  the  infrared  lourea.  Thii  aouree  haa  an  anieaivity 
of  0.99  1  0.01.  The  tanparature  was  aeniterad  by  means  of  a  thermocouple  located  in  the  cavity 
block.  The  measured  temperature  ii  believed  accurate  to  t  l.C*C. 

Since  the  calibration  naeded  is  the  large  target  radiance  calibration  rather  than  the  point 
source  irradisnee  calibration)  an  extended  target  should  be  used  as  a  sourca.  However,  a  200*C  large 
source  will  saturate  the  electronics.  For  this  reason,  a  1/20  mrad  point  source  precision  aperture  was 
used, and  the  voltages  measured  were  multiplied  by  the  ratio  of  the  large  target  signal  to  the  1/20  mrad 
target  signal  measured  at  a  lower  temperature  where  saturation  did  not  occur.  The  reason  that  this 
measurement  was  not  used  as  the  actual  large  target  calibration  it  that  the  low  temperature  could  not  be 
meaeured  or  controlled  as  accurately  as  the  200*C  temperature.  However,  the  ratios  measured  ere  accurate 
regardleea  of  the  actual  temperature  of  the  source.  The  ratio  was  found  to  be  12.30  for  .  the  S-'S  um 
channels  and  17.07  for  tha  8-13  urn  channels. 


The  output  signal  pulse  from  the  1/20,  200‘C  source  was  observed  on  an  oscilloscope  and  the 
difference  in  Che  signal  voltage  between  Che  hot  target  and  the  ambient  temperature  aperture  disk  was 
recorded.  The  results  were  multiplied  by  the  above  ratios  and  averaged  over  the  B  channels  end  ere  shown 
in  Figure  3.1, 


The  next  step  in  the  syatem  cslibration  is  to  determine  the  radiance  difference  of  the  target 
for  eacti  filter.  The  effective  radiance  difference,  &L  gif  (Xp),  at  wavelength  Xp  it  calculated  from 
the  equation, 


iLeff  (^p) 


P./ 


TA  <X) 


Ty  (X ) 
Tf  (\p) 


SaJlL 

Rg  (Xp> 


(Tbb>  -  bx  (Tl) 


dX 


where  pg 

TA  (X) 
T  f  (  X  ) 


it  the  reflectance  of  the  collimator  mirror  syatem, 

is  the  spectral  atmospheric  transmlsni -n  over  the  21  foot  collimator  path  length, 
is  the  spectral  transmisaion  of  the  system  filter  at  wavelength  X, 
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Figure  3.1.  ^alibretlen  Faetera 

Xp  ii  a  rtfaranea  wavalangth) 

Rg  (X)  la  tha  basic  systen  spectral  responsivity  in  eantieietars  squared  volts  per  watt  without 
the  filter, 

^X  blaekbody  spectral  radiance  in  watts  per  square  oentinetor  par  steradien  per 

aiorometcr  at  the  blaekbody  taaperature  Tgg, 

and  Lx  (Tl)  is  the  blaekbody  epeetral  radiance  at  the  laboratory  aabient  teaperatura  Tj.. 

The  spectral  atmospheric  transalsaion  was  calculated  for  the  21  foot  Davidson  collimator  path 
length.  Tha  spectral  transmission  curves  for  the  4  filters  used  during  the  teste  were  SMasured  with  a 
Beckman  IR-4  Spectrophotooeter.  The  basic  system  spectrsl  responsivity,  Rg  (X>,  was  determined  by 
using  a  scries  oE  spike  filters  covering  the  system  psssband  in  conjunction  with  the  collimated  blaekbody 
source. 

The  overall  syatem  response  (basiq  redioiseter  plus  spectral  filter)  for  the  3-3  channel  is 
shown  in  Figures  3,2  through  3,3  for  tha  various  filters  used.  Filter  No.  1  was  broadband  uncoatad 
sapphire  for  optical  path  compensat Ion,  so  that  the  overall  system  response  is  the  same  as  the  basic 
system  response  with  no  filter.  The  overall  system  response  for  the  B-13  channel  ie  shown  In  Figure 

3.5. 
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8-13  Syitam  Raiponit 


4,  SMOKE  WEEK  III  TESTS 

4.1  TEST  OBJECTIVES 

Tht  Snok*  W«*k  III  t«it(  wtrt  h«ld  to  provide  devtloperi  and  managtra  of  alactro-opt leal 
ayatataa  with  an  opportunity  to  avaluata  davalopnantal  hardware  under  actual  field  condltlona  In  a  aub- 
troplcal  region.  The  ayatema  taated  Included  laaera,  EO  aeakara,  therual  Inaglng  ayatama  and  radara. 

The  general  objectlvea  of  the  teat  were  to; 

(1)  Determine  the  affect Iveneaa  of  tlaldad,  davalopmantal  and  experimental  EO  ayatema 
agalnat  U.S.  Inventory,  developmental,  experimental  andawlected  fore'l.gii  nbscurnnta 

(2)  Determine  the  affect Iveneee  of  Inventory,  developmental,  experlmentnl  and  foreign 
obaeuranta  agalnat  BO  ayatema, 

(3)  Teat  new  tachnlquea  and  Inetrumentatlon  for  amoke/obacurant  characterization  under 
field  conditions. 
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(4)  Providt  will  churicterlitd  •mokt/obieurant  eloudi  under  field  ttic  condltlona  which 
will  milt  ob*curant/EO  modalcri  in  validating  and/or  improving  thair  oodali. 

(5)  Decarmine  the  affect  of  humidity  on  the  effect iveneai  of  hygroacopic  obacurance. 

The  apaeifio  objaetiva  with  regard  to  the  MI048  III  radiomatar  wai  to  utiliia  ita  unique 
capabilitiaa  to  meaaure  tha  targat  radianoe  ditfaraneaa  and  path  tranamiaaion  with  high  apatial  raaolu- 
Cien  (0.1  mrad),  feat  frame  rata  (lOOmaae),  and  multiple  apectral  banda. 


4.2  TEST  PROCIDUU 

Tha  teat  waa  conducted  at  Range  C-32A  at  Eglin  AFB|  PL.  Tha  teat  layout  ia- ahown  in  Figure 
4.1.  The  MIDAB  radiometer  waa  oat  up  at  tha  800  matar  point  from  the  targat  area.  Thia  aita  wai  on  an 
alavacad  mound  giving  a  clear  Una  of  eight  to  tha  target  area.  At  tha  target  area  a  number  of  louroaa 
vara  aat  up, including  a  tank)  a  truck)  end  varioua  point  louroa  and  area  aourca  blaekbodiaa.  For  almoat 
all  of  the  runt,  tha  MIDAS  ayatam  waa  poticionad  to  tcan  aeroaa  two  blackbody  panala,  each  three  feat 
aquare,  which  wara  maintained  at  10*0  and  20*0  above  ambient  tamparatura. 

During  a  Caat  run,  amoka  waa  generated  at  a  point  halfway  batwien  tha  targat  area  and  tha  BOOM 
aita  and  waa  carried  aeroaa  tha  line  of  aight  from  aouth  to  north  by  tha  pravailing  wind.  Tha  amoka  aiaa 
and  tha  line  of  aight  through  the  amoka  were  heavily  inatrumantad  to  fully  eharaeteriaa  tha  amoka  cloud. 


4.3  DATA  COLLECTED 

Tha  log  of  data  collected  ia  ahown  in  Figure  4.2.  All  amoka  rune  from  Auguat  8  through  Auguat 
14  were  obaerved.  Heaturemenci  were  made  before  and  after  the  amoke  runa  for  calibration  aa  well  aa 
during  tha  time  that  Che  amoke  waa  praaanc .  Tha  four  apectral  filtara  uaed  in  tha  3-S  urn  band  were 
aequanced  during  tha  runa.  Tha  data  waa  recorded  on  magnetic  tape  for  pemanant  atorage.  Oaclllograph 
chart!  of  tha  data  ware  alto  cun  at  the  time  uc  the  taat  for  immediate  viaual  output.  A  typical  oacillo- 
graph  chart  ia  ahown  in  Figure  4.3.  Tha  cop  trace  la  the  aiimuth  ayne  pulae  which  idancifiaa  the  acun 
portion  of  the  video  output.  During  thia  period  tha  ayatem  acana  from  right  to  left  through  1.6  degree! 
at  a  conatant  angular  rate  in  73  marc.  The  prominent  feature  Co  the  right  of  center  in  thaae  tracae  la 
the  two  heated  i.anela.  Theae  target!  were  obaerved  on  nearly  every  run  becauaa  they  provided  a  cone  la¬ 
tent,  calibrated  aource  during  the  entire  teat. 
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TARGET  AREA 

0  0 


MIOAS  n 

riliiur*  4.1.  Ttit  Iiiyout 

4,4  DATA  ANALYBI6 

Th«  r««  dact  of  vhieh  Figurt  4.3  it  a  tanple  wtt  uitd  to  ealeulita  tmokt  tranimittlon  vtttut 
tint  for  tha  lift  and  right  panalt  taparataly.  Thaaa  eurvat  art  ihown  in  Tigura  4,4.  Tha  data  lalaetad 
for  thli  analytia  of  tR  No.  1  amoka  waa  takan  during  a  tint  whan  thara  appaartd  to  bt  a  rtvartal  in  tha 
amplicuda  of  tha  wamtr  anl  cooltr  panala.  Tha  tranamiaaion  it  aaan  to  bt  changing  rapidly  and  in  an 
iiragular  auinnar.  Howavar,  tha  aituatlon  btcontp  eltar  if  wa  ahift  tha  eurva  for  the  10*C  panel  to  tha 
laft  by  0.16  aae,  Thia  it  ahown  in  Figure  4,3,  where  it  can  be  aaan  that  tha  eurvta  clotely  natch.  The 
interpretation  ia  that  tha  amoka  cloud  containa  relatively  aatall  tcalt  apatial  atructura  and  la  drifting 
acroaa  tha  line  of  aita,  covering  tha  1.3  feat  batwaan  tha  panel  cantara  in  0.16  taCi  a  velocity  of  9 
feat  par  aec.  Thia  enablea  ua  to  put  a  diatanca  tcale  factor  on  tha  curve.  Tha  local  non-'unifarnitiai 
in  tha  cloud  have  a  aeala  on  tha  order  of  a  faw  feet. 

Another  way  of  interpreting  tha  aama  data  ia  ahown  in  Figure  4,6,  Hare, tha  difference  in  the 
algnal  fron  the  10*C  and  20*C  panala  ia  axpraatad  in  apparent  temperature  difference.  It  can  be  aaan 
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DATE 

RUN 

TARGET 

OBSCURANT 

6  AUG 

1 

TRUCK 

NONE 

2 

TRUCK 

NONE 

3 

TRUCK 

NONE 

11  AUG 

1 

MODULATED  BLACKBODY 

RED  PHOSPHOROUS 

2 

PANELS 

KM49/F0G  OIL 

3 

PANELS 

XM49/ DIESEL  a  ADD. 

4 

PANELS 

M3A3/POO  OIL 

5 

PANELS 

XM49/PEG.  200 

6 

PANELS 

IRNo.1 

12  AUG 

1 

TRUCK 

9"  ZUNI 

2 

PANELS 

M3A3/F00  OIL 

3 

PANELS 

HC  CANNISTER 

4 

PANELS 

FOAM/IR  No.  3 

5 

PANELS 

IR  No.  1 

13  AUG 

1 

VEESS 

14  AUG 

1 

VEESS 

2 

IR  No.  2 

3 

PANELS 

XM49/PE6.  200 

4 


rigur«  4.2.  Saok*  tfctk  III  Dtti  Log 

that  tha  movanant  oftha  non-uniform  amoka. cloud  aomatimaa  cauaac  a  ravaraal  in  tha  apparant  tamparatura 
conCraat  of  tha  panata. 
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3.2-4.77iiTn 

12  AUG  1980  RUN  #5  FILTER  #1  27  hr  22  min 


TIME  -  SEC 


rigun  A-4.  Traninliiion  vt.  Tin* 
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3.2- 4.77  iiin 

12  AUG  1980  RUN  #5  FILTER  #1  22  hr  22  min 


-10*C  PANEL  (LEFT  SIDE) 
ADVANCED  0.16  SEC. 


20*C  PANEL - 
IRI6HT  SIDE) 


-H  K- 

1FT 


22<22>26.2  >26.4  >26.6  >26.6  >27.0  >27.2  >27.4  >27.S  >27.8  >20.0 

TIME  -  SEC 

Figure  A-S,  Modified  Tranimieeion  ve.  Time 
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3.  MCOMKENDATIONS 

Particlp«Cion  in  Saok*  Weali  III  vich  the  MIDAS  III,  tabulation  of  recorded  data  and  reduction 
of  a  limited  amount  of  data  waa  performed  under  Cincinnati  Electronica  Corporation  funding.  The  data 
reduced  and  analyaad  ahowed  eoM  naw  and  intaraating  eharactariatica  of  amoka  dua  to  the  unique  meaaura- 
awnt  eharactariatica  of  tha  MIDAS  III.  Fijgura  4.2  ahowad  that  raeerdad  data  ia  available  for  many 
obaeurant  typei.  Reduction  of  additional  data  tMuld  provide  aMaauraaantt  of  thaaa  varioua  aaokaa  and 
obaeuranta  in  tha  varioua  3-3  aicrometar  and  8-12  ■ieroaatar  aavalength  banda.  In  addition  to  providing 
general  attenuation  lavala^  tha  MIDAS  data  ahow  tha  fine  atruetura  of  the  aaoka  elouda  and  their  varia¬ 
tion  with  tine  to  0,1  lacond  raaolution.  Tha  fine  etruetura  of  tha  IR  Mo,  I  anoke  in  tha  aampla  data 
preaented  in  thia  report  rapraaanta  one  abort  interval  aanple.  Additional  data  ahould  be  raduetd  to 
further  define  thia  phanonenon  and  to  datanina  ita  affaut  on  varioua  detect  ion  ayatam  coneapta. 
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ATMOSPHERIC  TRANSMISSION  MEASUREMENT 
OF  SMOKE  AND  OBSCURANTS 

Leonard  V.  Lucia,  William  E.  Surrette,  Jr.  and  Frederic  M.  Zweibaum 

Barnet  Engineering  Company 
Stamford,  Connecticut 

ABSTRACT 

This  paper  describes  an  instrument  that  measures  the  spectral 
transmission  of  the  obscurant  between  the  target  and  the  measuring  system.  The 
instrument  employs  a  microprocessor  and  solid-state  memory  to  enable  it  to  normalize 
the  effects  of  the  atmosphere  so  that  only  the  effects  of  the  obscurant  are 
measured.  The  paper  describes  the  instrument  plus  its  capabilities  and  limitations 
in  spectral  resolution,  high-speed  spectral  scanning  and  normalisation.  Also 
described  are  system  deployment  for  field  measurements  during  Smoke  Week  ill. 

1 .  INTRODUCTION 

Defining  the  infrared  thermal  signature  of  military  targets  involves 
determining  the  target's  self-emitted  radiation  alter  this  infrared  energy  has 
traveled  through  the  atmosphere  in  its  path  to  the  detection  system.  In  the  course 
of  this  transmission,  radiation  is  absorbed  and  scattered  by  atmospheric 
constituents,  by  the  contaminants  normally  present  under  battlefield  conditions,  and 
by  additional  smoke  and  obscurants  that  may  be  introduced  deliberately  to  confuse 
identification  by  thermal  signature.  The  atmosphere  plus  man-made  smoke  and 
obscurants  alter  the  target’s  self-emitted  radiation  in  a  manner  that  is 
grossly  non-uniform  with  wavelength  and  which  seriously  impedes  the  collection  and 
Interpretation  of  target  thermal  signatures. 

Methodical  collection  of  signature  information  should  include  an 
accurate  evaluation  of  atmospheric  spectral  attenuation  at  the  location  and  time  of 
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the  data  collection.  Thla  permita  atmospheric  attenuation  effects  to  be  removed 
from  the  signature  data.  Moreover,  in  the  caae  o£  evaluating  the  performance  of 
tactical  signature  analysis  equipment,  it  permits  a  standard  performance  factor  to 
be  assigned  to  the  system  Itself.  With  the  availability  of  such  performance 
factors,  the  effects  of  development  work  can  be  evaluated  on  an  absolute  basis,  and 
the  performance  of  different  systems  can  be  compared  realistically. 

in  the  area  of  signature  analysis,  the  more  recent  atmospheric 
transmission  measurement  systems  are  based  upon  the  use  of  microprocessor-control. 
This  enables  them  to  perform  the  basic  research  required  to  develop  data 
normalisation  techniques  involved  in  removing  the  effects  of  atmospheric  absorption 
so  that  man-made  battlefield  smoke  and  obscurants,  can  be  spectrally  analysed.  The 
end  goal  is  to  reveal  the  thermal  signature  of  the  targets  of  interest  and  to 
ascertain  the  effects  of  various  obscurants. 

2.  TKANSMISSOMBTBR  SYSTEM 


2.1  Mm  II  SYSTEM 

The  Model  12-550  Mark  II  keaearoh  Radiometer  shown  in  Figure  1  that  is 
the  basis  of  the  tranemieBometer  system  used  in  Smoke  Week  hse  been  described 
elsewhere  (1)  in  deteii.  Only  the  outstanding  characterietios  of  thla  inetrument 
will  be  reviewed  here. 

The  design  phiiosphy  was  to  achieve  maximum  flexibility  by  employing  modularity  of 
optica,  electronics  and  mechanics,  together  with  uee  of  microproceesor  and  computer 
capabilitiee  that  are  software-coupled  to  the  application.  In  the  mentioned  paper 
the  authors  described  a  spectral  radiometer  optical  system  epecifically  designed  to 
permit  greet  ease  end  speed  in  interchanging  detector-preamplif isr  and 
spectral-filter  modules.  In  this  arrangement,  all  detectors  have  aligned  fields  of 
view,  and  there  is  ample  space  to  permit  each  nodule  to  be  deaigned  for  maximum 
pec  formance. 

The  above-mentioned  optical  system  is  Inaufflcient  to  provide  data  that  Is  easy 
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to  process  end  reduce.  The  solution  that  the  authors  have  designed  la  to  install  a 
microprocessor  into  the  electronics  system  that  processes  the  output  signal  from  the 
radiometer  'optical  head,  As  described  in  the  referenced  paper  (1),  the 

microprocessor  has  four  powerful  capabilities.  First,  it  permits  the  Incorporation 
of  such  capabilities  as  automatic  gain  control,  normalization  and  sample  averaging. 
Second,  It  provides  control  functions  such  as  the  automatic  electronic  switching  of 
electrical  attenuators,  chopper  speed  control  for  maximum  sensitivity  of  the 

( 

detector  In  use}  ano  the  rotation  of  spectral  filters,  scanning  mirrors  and 
accessory  devices  according  to  requirements.  Third,  and  most  Important,  It 
Integrates  the  first  and  second  capabilities  to  the  specific  requirements  of 

applications  such  as  atmospheric  transmission  measurements,  reflectivity 
measurements  of  a  selected  environment,  or  control  of  an  Industrial  or  scientific 
process.  Fourth,  the  microprocessor  processes  Input  and  output  data  to  make  It 

aultabla  for  Interfacing  with  selected  data  display  and  computer  facilities.  These 
four  capabllltes  are  provided  primarily  by  software  tailored  to  fit  the  requirements 
of  the  measurement  mission. 

2.2  USE  AS  A  TRAMSNISSOMBTBR 

The  spectral  radiometer  as  described  can  also  be  used  as  the  receiver 
section  of  an  atmospheric  transissometer  system.  All  that  is  required  Is  to  aim  the 
radiometer  at  a  distant  source  of  known  radiation,  or  a  suitable  blackbody  source 
>  equipped  with  a  collimator  as  shown  In  Figure  2.  Now  the  transmission 

a 

characteristic  of  the  Intervening  atmosphere  can  be  measured  directly  In  terms  of 
percentage  transmitted  In  any  wavelength  Interval  of  Intecestf  In  such  applications 
^  the  instrument  is  operating  as  a  single-beam  spectrometer. 

Such  an  instrument  system  Is  of  vital  importance  on  the  military  test 
range.  Here  the  operation  of  many  systems  involves  the  detection  of  ultraviolet, 
visible  or  infrared  radiation  emitted  or  reflected  by  distant  targets.  Examples 
Include  laser  ranging  systems,  FLIR  systems,  automatic  target  tracking,  intrusion 
detection  and  target  signature  analysis  systems.  In  these  uses  radiation  is 
transmitted  from  a  target  through  the  atmosphere  to  the  measurement  system. 
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2.3  REQUIREMENTS  fOR  OBSCURANT  MEASUREMENT 

Making  compcehenBlve  spectral  tranamlBBlon  meaauraments  through  dense 
obscurants  requires  that  the  following  group  of  advanced  characteriatlcB  be  built 
into  the  measuring  systemi 

1.  High  sensitivity 

2.  Fast  Response 

3.  Pull  spectral  Coverage 

4.  Automatic  Operation 

5.  Olraot  Interfacing  with  Data  Logging  SystemB 

6.  (!}uick-Look  Capabilities 

7.  Adaptability  for  Different  Operational  Modes  and  Spectral  Regions 

8.  Elimination  of  Steady-State  signals  and  Instrument  Calibration 
Constants  by  Normalisation  Techniques 

2.4  DISCUSSION 

Relatively  fast  response  Is  required  to  analyse  transient  obscurant 
effects,  as  compared  to  slowly-changing  atmospheric  phenomena.  To  examine  obscurant 
smoke  effects  comprehensively  we  must  have  full  spectral  coverage,  and  automatic 
operation  is  needed  to  monitor  time-dependent  effects.  Recording  on  data  logging 
equipment  is  important  for  processing,  but  a  "quick  look"  by  means  of  a  real-time 
printer  or  analog  X-Y  recorder  is  of  immense  help  to  the  field  operator. 

In  measuring  transmission  through  a  normal  atmosphere,  the 
transfflisBometer  will  produce  an  output  that  is  of  little  interest  to  this 
experiment.  When  no  smoke  is  present,  the  atmosphere  will  produce  some  particular 
transinission  percentage  for  a  specific  spectral  region.  It  is  helpful  if  the 
operator  has  the  capability  to  normalise  this  percentage  so  that  a  transmission 
readout  of  100  percent  is  produced.  Then,  any  transmission  percentage  that  is 
obtained  in  the  presence  of  an  obscurant  is  known  to  be  due  to  the  absorption  of  the 
obscurant  alone.  Details  of  the  normalisation  procedure  are  described  in  Ref.  (2). 
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If  one  can  atore  clean-air  normalization a  for  each  filter  used  (be  it  a 
deacrete  filter  or  a  poaitlon  on  a  CVF),  the  ayatem  will  produce  an  output  giving 
the  spectral  transmission  of  the  obscurants  introduced  into  the  atmosphere. 

The  same  concept  can  be  applied  to  an  instrument  employing  a  rotating 
filter  wheel  containing  discrete  elements  or  sections  of  continuously-varying 
filters. 

2.5  SmSN  TRAOB-OPFS 

The  Mark  II  Radiumetar  System  is  modular  in  construction  and  offers  a 
variety  of  detector  packages,  filter  modules  and  collecting  optica.  The  choice  of 
apaciflo  eomponants  is  dependent  upon  the  following  related  measurement 
conatraintst 

1.  Wavelength  Region  and  Spectral  Resolution 

2.  Spectral  Scan  Time,  Affecting  Information  Bandwidth 

3.  Optical  Path  Length,  i.e.  Range 

4.  Transmission 

The  wavelength  region  determines  the  choice  of  detector  package  and 
filter,  and  the  spectral  resolution  is  determined  by  the  filter  selection.  However, 
the  spectral  resolution  determines  the  amount  of  radiation  recelvad  from  the 
Source/Transmittar  and  thus  Influences  the  signal-to-noise  ratio. 

Spectral  scan  time  requirements  are  determined  by  the  need  for 
maintaining  stable  conditions  during  the  spectral  scan.  A  relatively  steady 
condition  can  be  scanned  slowly,  'but  a  transient  condition  must  be  scanned 

sufficiently  rapidly  to  record  the  nature  of  the  changes.  The  rate  of  Information 
transferred  determines  the  bandwidth  required  to  carry  out  the  transfer  with  the 
required  degree  of  accuracy.  The  required  bandwidth  is  proportional  to  the  rate  of 

transfer.  Noise,  of  course,  is  also  dependent  upon  the  bandwidth.  Rapid  data 

collection,  then,  requires  a  wide  bandwidth  which  leads  to  more  noise.  In  the 

interest  of  obtaining  a  better  signal-to-noise  (B/H)  ratio,  one  may  scan  more 
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slowly/  Increasing  the  dwell  time  at  each  measurement  wavelength.  One  may  offset 
this  increased  scan  time  by  making  fewer  measurements/  perhaps  using  a  wider 
wavelength  window  for  each  measurement.  The  latter  thus  improves  the  S/N  first  by 
decreasing  the  noise#  and  second  by  increasing  the  signal#  at  the  cost  of  decreasing 
spectral  resolution. 

The  range  and  absorption  affect  the  amount  of  signal  received.  In  a 

perfectly-transmitting  medium  the  range  attenuation  for  a  given  source  will  follow 
the  inverse-square  law.  The  transmission  of  the  path  will  be  given  by  the 

transmission  par' unit  whan  raised  to  a  power  equal  to  the  path  length.  Finally#  the 
required  signal-to-noiae  ratio  of  the  system  is  affected  by  the  required  level  of 
discrimination  between  transmission  levels. 

2.6  OPTICAIi  SV8TBM 

In  general#  increasing  the  dismeter  of  the  projecting  optical  system  in 
the  source  and  the  collecting  optical  system  in  the  receiver  will  Increase  the 

signal  level  coming  out  of  the  detector.  The  fields  of  view  of  thsse  ophlcal 
systems  csn  also  bo  selected  to  best  match  the  measurement  program  being  planned. 
The  radiation  level  from  the  source  increases  with  source  temperature  (normally 

500-1000  degrees  C)  and  with  the  diameter  of  the  source  aperture  Itself  (up  to  O.S 
inch).  It  will  also  Increase  with  the  area  of  the  collimating  optics  adjusted  for 
any  throughput  loss  caused  by  obscuration  by  the  additional  mirror  in  an  on-axia 
reflective  system. 

As  far  as  the  receiving  system  is  concerned#  for  a  given  f/number# 
sensitivity  will  Increase  as  the  linear  dlmsnslon  of  the  collecting  optic  diameter# 
i.e.#  an  B-lnch  system  will  have  approximately  twice  the  sensitivity  of  a  4-inch 
ayatem  with  the  same  field  of  view.  Mark  11  radiometers  have  been  produced  with 
both  4-inch  and  S-inch  collectors.  Source  collimators  are  available  with  optical 
diameters  of  4.7#  6#  10  and  16  Inches. 
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2.7.1  CONVENTIONAL  DETECTORS 

Dapandlng  upon  tha  naado  of  tha  mauauramant  program#  either  conventional 
thermal  or  photo  detactora  can  be  choaan.  Thermal  datactora#  auoh  aa  thermistor 
bolometara  and  pyroalactrica  dapand  upon  heating  tha  aansitiva  element  and  are 
largely  Independent  of  wavelength.  Tha  photo  detactora  are  sensitive  only  to 
certain  wavelengths  at  determined  by  the  materials  of  which  they  are  composed. 
Their  peak  response  occurs  near  their  long-wave  limits#  and  their  short-wave 
response  falls  off  proportionally  to  wavelength,  or  even  more  rapidly,  For  example,  a 
detector  with  peak  response  at  5  micrometers  will  have  half  the  response#  or  lass# 
at  2.5  micrometers.  Tha  longer-wavelength  photo  detectors  require  cryogenic 
cooling  while  the  thermal  detectors  do  not.  The  photo  detectors  are  somewhat  more 
expensive#  but  do  have  from  10  to  100  times  greater  detectivity  at  their  peak 
wavelengths.  The  photo  detectors  have  response  speeds  in  the  order  of  microseconds, 
while  thermal  detector  response  speeds  are  in  tha  order  of  milliseconds. 

2.7.2  SANDWICH  DETECTORS 

The  optical  Head  that  has  been  designed  makes  it  easy  for  the  user  to 
interchange  detector-preamplifier  modules  with  ease  as  required  hy  tha 
application.  Regardless  of  how  easy  this  may  be#  such  interchange  interrupts)  the 
measurements  procedures  and  in  certain  research  programs  it  may  involve  loss  of 
data.  This  limitation  has  been  overcome  to  a  considerable  degree  by  the  development 
of  the  so-called  "sandwich"  detector. 

In  1977  Barnes  Engineering  Company  reported  upon  a  technique  (3)  for 
producing  photovoltaic  sandwich  detectors  of  InSb/PbSnTe  where  the  two  elements  are 
physically  separated.  This  technique  has  been  developed  and  is  now  being  used  for 
the  production  of  InSb/HgCdTe  sandwich  detectors.  Also  developed  is  a  new  package 
in  which  a  liquid  nitrogen  dewar  cooled  sandwich  dete  .cor  with  matching  preamplifier 
is  adapted  to  the  Mark  II  Research  Radiometer  System. 
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Because  o£  the  microprocessor  control  capabilities  built  into  the  Mark  II 
System,  combined  with  th“  [irmimnimable  spectral  filter  oystom,  the  outputs  from  both 
detectors  can  be  used  to  (heir  fullest  advantage.  As  the  spectral  filter  rotates, 
ihe  microprocessor  selects  the  detector  output  most  appropriate  for  that  particular 
spectral  region  and  equalizes  the  gain  of  the  amplifier  system.  The  results 
produced  are  as  from  a  single  detector  with  the  best  qualities  of  both  Indium 
antimohlde  and  mercury  cadmium  telluride. 

The  sandwich  detector  provides  optimum  sensitivity  over  the  entire 
spectral  range  of  interest  in  spectral  signature  studios  of  targets  at  ambient 
temperatures.  This  capability  is  useful  In  spectroradiometric,  atmospheric 
transmiasometer,  and  reflectometer  applications  related  to  environmental  and 
ambient-temperature  military  targets. 

In  such  applications  the  spectral  filter  wheel  can  be  prograiiuiied  to 
employ  certain  filter  sequences  with  the  output  of  one  of  the  sandwich  detectors  and 
other  filter  sequences  with  tho  output  of  the  other  sandwich  detector.  In  the  same 
manner,  and  fur  each  filter-detector  combination,  optimum  amplifier  gain  and 
bandwidth  settings  can  be  employed.  Moreover,  the  computation  capabilities  of  the 
microprocessor  can  be  employed  to  normalise  the  reduction,  so  that  the  spectral 
outputs  and  phasing  of  the  two  detectors  are  completely  compatible. 


2.B  ADDITIONAL  CAPABILITIES  < 

Performing  tranamission  measurements  through  obscurants  also  requires 
automatic  gain  control  (AGCj,  sample  averaging  and  filter  wheel  control. 

Automatic  Gain  Control  (AGC)  is  selected  ijy  depressing  Button  13  in  the 
Output  Mode  section  of  the  front  panel.  The  purpose  of  AQC  is  to  accommodate  the 
full  dynamic  range  of  the  instrument  on  the  output  display.  AGC  automatically 
selects  the  correct  attenuritai  value  for  the  nignal  presently  being  processed  so 
that  the  output  reading  is  approximately  mid-range.  The  microprocesuor  reads  the 
signal  value  from  the  analog  to  digital  converter  output  and  the  present  attenuator 
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value.  The  microprooeseoc  central  processing  unit  (CPU)  then  decides  if  the  pro.'ent 
signal  mading  has  reached  its  minimum  or  maximum  value  for  the  present  atteni’  ;  fu- 
value.  If  it  has,  the  CPU  selects  the  next  lowest  or  highest  attenuator  value  is 
appropriete.  The  AGC  setting  is  constantly  updnted  to  provide  an  accurate  output. 

The  Signal  Averaging  function  Is  activated  by  depressing  a  pushbutton  in 
the  Output  Mode  section  of  the  front  panel.  The  CPU  then  processes  the  signal  and 
^  compares  it  to  the  noise,  looking  for  a  100  to  1  ratio.  If  this  ratio  la  met,  the 
filter  steps,  and  the  front  panel  reading  Is  updated.  If  the  ratio  is  !!  ~jSS  than  100 
to  1 ,  3  more  samples  are  taken;  and  the  ratio  is  checked  again.  This  sample-taking 
*'  process  continues  (1,4,8,16,32)  until  a  maximum  of  32  samples  are  taken.  After  the 

32nd  sample,  the  filter  la  stepped  and  the  front  panel  is  updated.  A.,  this  time,  the 

ratio  may  or  may  not  be  100  to  1,  but  the  Signal  Averaging  function  has  supplied  the 
best  available  slgnal-to-noise  ratio. 

filter  wheel  control  la  an  Important  function  supplied  by  the 

roicroproceasot,  and  converts  the  basic  radiometer  into  a  spectral-scenning  radiometer 
or  spectrometer.  In  one  form  the  system  employs  a  filter  wheel  with  provisions  for 
mounting  up  to  10  half-inch  diameter  discrete  filters  having  any  available  wide  or 
narrow-.hand  spectral  characteristics.  Neutral  density  filters  can  also  be  installed 
and  can  be  made  to  supply  spectrally  uniform  optical  attenuation  in  magnitudes  up  to 
1000  to  1.  This  extends  the  instrument's  total  dynamic  range  to  10<. 

In  an  alternate  arrangement  the  wheel  can  be  fitted  with  one  or  more 

segments  of  a  wedge  type  continuously-varlable  interference  filter  (CVP).  In  this 
arrangement  the  wavelength  of  the  transmlttsd  radiation  varies  gradually  with  angle  of 
wheel  rotation.  It  is  possible  to  make  combination  filter  arrangements  in  which  there 
are  CVF  segments,  discrete  filters  and  neutral  density  filters.  When  equipped  with 
either  of  these  motor-driven  filter  options,  the  PCU  is  supplied  with  sn  accessory 
left  control  panel  shown  in  Figure  1.  This  enables  the  operator  to  use  the 
micropcocesBor ' a  control  capabilities  to  drive  the  filter  to  any  selected  position  or 
to  drive  It  automatically  through  any  of  10  predetermined  programs.  In  addition,  the 
operator  can  modify  any  program  according  to  the  immediate  needs  of  the  phenomenon 
being  iiioaBurod,  or  create  a  brand-new  program  for  the  occasion.  In  such  operations 
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the  filter  wheel  can  be  driven  through  continuous  scans  at  rates  as  fast  as  2  scans 
per  second  or  go  through  complex  Indexing  patterns. 

3.  OBSCURANT  MBASURBMBNTS 

3.1  FIELD  APPLICATIONS 

The  mioropcocasBor’-based  Modal  12-550  Mark  II  Spectral  Radiometer  contains 
all  that  la  required  to  make  the  obscurant  emiaaion  and  tranamlsaion  measurementa 
through  a  aaleotion  of  apeotral  Intavala  and  to  proceaa  the  resulting  data  to  produce 
the  desired  results  in  real-time.  The  described  system  can  be  used  as  either  a 
spectral  radiometer,  a  spectral  tranamissorneter,  or  as  both  a  radiomatar-transmis- 
aomater  for  making  simultaneous  "mission-transmission  measurements.  For  a  discussion 
of  aimultanloua  emission-transmission  measurements,  see  Reference  (4). 

3.2  TRANSMISSION  MEASUREMENTS 

As  described  earlier,  the  transmissometer  is  similar  to  tha  fundamental 
spectral  radiometer,  excipt  that  the  modulator  is  embodied  in  the  aource/transmitter 
and  the  receiver  is  not  chopped.  The  received  signal  is  demodulated  using  the 
reference  signal  from  the  source  modulation,  assuring  rejection  of  the  radiation  from 
the  unmodulated  background  radiation.  The  direct  transmission  measurement  is  computed 
by  normalizing  each  transmisaion  measurement,  using  the  data  taken  with  a  clear 
atmosphere  path  at  the  same  range  as  that  used  during  a  calibration  run.  At  each 
filter  position,  the  calibration  data  is  stored  in  the  transmissometer '  s 
random-access-meinory  (RAM)  for  retrieval  following  each  data  measurement. 

At  slower  scan  speeds,  i.e.,  one  scan  of  2.5  through  14  micrometers  in 
12-14  seconds,  or  longer,  adequate  time  is  available  to  permit  the  attenuation  level 
of  each  filter  point  to  be  adjusted  individually  in  proportion  to  the  received  signal 
intensity.  At  filter  scan  speeds  up  to  one  or  two  per  second,  a  different  technique 
is  used.  Advantage  is  taken  ot  the  fact  that  spectral  responses  rarely  change  at  such 
rapid  rates.  It  is  acceptable  to  use  attenuator  settings  for  whole  ranges  of  filter 
wavelengths,  In  this  manner,  It  ia  possible  to  reduce  the  sampling  period  at  each 
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filter  step.  With  this  technique,  the  filter  is  allowed  to  scan  normally,  during  the 

calibration  sequence,  setting  optimal  attenuator  settings  in  the  AQC  mode.  During  the 

succeeding  scans,  the  attenuations  are  aelecteo  based  upon  the  highest  attenuator 

setting  in  preselected  spectral  bands.  In  the  measurement  mode,  a  different 
attenuation  is  set  throughout  each  of  3  or  4  selected  bands  only,  thus  saving 

considerable  time  compared  to  reselectlng  attenuation  before  each  filter  position. 

/■ 

3.3  FIELD  DEPLOYMENT 

The  transmlssometer  was  utilized  during  the  Smoke  Week  III  exercises  during 

A 

the  summer  of  1980.  During  these  exercises,  high-speed  atmospheric  transmission 

measurements  were  made  near  the  test  point.  This  dats  was  used  to  produce 
tlms-oriented  transmission  data  such  aa  that  shown  In  Figure  3.  in  this  illustration, 
the  spectral  transmission  is  Illustrated  as  a  function  of  tlma.  Data  shows  the 
transmission  apsotrum  of  white  phosphorus  normalized  to  the  clear  atmospheric  path  of 
5  meters.  This  Illustration  was  supplied  by  Dr.  M.  Farmer  of  the  University  of 
Tennessee  space  Institute  and  shows  successive  spectral  scans  during  a  period  of  30 
seconds,  starting  2  minutes  after  the  beginning  of  the  test.  Because  of  the  small 
size  of  the  illustratiori,  the  considerable  spect-ral  information  In  the  8  to  12 
micrometer  region  is  not  readily  visible,  but  it  is  revealed  in  detail  by  computer 
processing.  This  type  of  display  is  useful  for  a  "quick  look"  because  it  shows  both 
the  spectral  variations  pius  the  magnitude  of  their  variations  with  time. 

>  Figure  4  shows  the  relative  placement  of  the  source  and  receiver  Optirijl 

Head,  and  Figure  5  shows  other  views  of  the  test  setup.  Both  the  source  and  the  head 
were  mounted  in  a  protective  shelter  to  reduce  solar  heating  and  provide  protection 

^  from  rain.  In  this  exercise,  the  path  length  was  very  short  (5  meters)  and  the 
aperture  of  the  source  waa  more  than  adequate  to  fill  the  Field  of  view  in  the 
receiver.  Accordingly,  no  collimator  was  required.  Under  this  erndition, 
measurements  were  made  with  a  signai-to-noise  ratio  exceeding  200  in  the  8-14 
micrometer  spectral  range.  The  tranomissoroeter  waa  equipped  with  an  InSb/HgCdTe 
sandwich  detector  providing  spectral  coverage  in  the  ovotall  band  from  2.5  to  14 
microns.  A  three-aegment  continuously  variable  filter  (CVF)  was  installed,  providing 
243  point  of  data.  This  wheel  offers  bands  and  reaolution  as  follows: 
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Segment 

Band 

Resolution  (hbw) 

1 

2.B  -  4.5u 

1 .35t 

2 

4.4  -  e.ou 

1.35% 

3 

7.9u  -  14u 

1.8% 

wee  scanned  in 

the  high-speed  mode  at 

approximately  1  ecan/aacond 

providing  £or  a  rapid  aiaaaamont  o£  tha  concentration  of  the  obaourant. 

Control  a£  tha  tranamlaaomatar  waa  aocompllahad  using  tha  RS-232  data 
link>  oparatad  at  9600  baudi  to  a  CRT  terminal  located  at  the  trailer  aite  some  200 
yards  up  range.  Using  the  remote  control^  it  was  poaslble  to  run  tha  filter  wheel 
up  to  speed,  display  the  data  output,  and  turn  tha  wheal  off  at  the  end  of  the  run. 
Calibration  in  Program  9  was  aocomplished  locally  and  the  receiver  left  in  standby 
mode  pending  tha  initiation  of  tha  next  run. 

Data  recording  was  aocomplished  by  using  pn  external  dedicated  Z-80-based 
microcomputer  with  64K  memory.  Memory  capacity  wan  adequate  for  approximately  30 
scans  following  which  the  data  wan  dumped  to  a  disc  file.  Data  consisted  of  the 
filter  wheel  position  attenuator  setting,  and  data  (12  bits).  The  unprocessed  data 
output  waa  talten  from  a  parallel  binary  output,  and  in  this  instance,  the  final  data 
reduction  was  performed  on  the  rav;  data  taken  from  the  disc.  Internal  processing  of 
data  and  display  on  the  CRT  provided  a  vary  afficlant  quick  look  capability. 

Subeequent  to  these  measurements,  there  was  developed  a  technlqua  for 
performing  the  complete  data  proceasing  within  the  Mark  II  PCU.  Thia  technique 
eneblea  the  lyatam  to  produce  both  normalised  analog  and  digital  information  at  a 
rate  of  1  acan  per  eecond,  and  was  later  uaod  for  meaeurenenta  during  "Snow  Week"  to 
be  described  in  a  future  paper. 

System  performance  achieved  the  desired  goali.  Figure  6  illustrates  a 
spectral  scan  made  of  a  0.3  mil  sheet  of  polyethelene  with  a  Perkin-Blmer  Model  580B 
Infrared  Spectro-photometec.  Figure  7  shows  a  epeotral  acan  of  the  same  sheet  made 
from  reduced  transmlssometer  data. 
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From  a  practical  viewpoint,  the  system  worked  well.  Problems  were 
experienced  twice  with  lightning  strikes  in  the  test  vicinity,  which  knocked  out 
data  interface  chips  on  the  data  link.  The  receiver  worked  well  despite  partial 
coating  of  some  of  the  optical  elements  with  certain  obscurents.  The  calibration 
technique  which  normalizes  the  data  to  a  clear  atmospheric  path  allows  recalibration 
prior  to  each  run,  and  only  occasional  cleaning  was  necessary. 


4.  CONCLUSION 

This  paper  has  reviewed  the  major  concepts  and  features  concerning  a 

spectral  radiometer  that  has  been  custom-modified  for  studying  the  spectral 
transmission  of  obscurants  used  In  Smoke  Week  ll.  Capabilities  and  limitations  in 
spectral  resolution,  high  speed  spectral  ecannlng  and  norma ll;j  at ion  have  been 

described.  Performance  in  spectral  tranbrn ission  analysis  has  been  compcied  with  a 
precision  laboratory  research  spaotrophotometer.  Syetam  deployment  for  field 

measurements  during  Smoke  Week  II  has  been  described,  as  well  as  a  sample  of  the 
data  recorded  during  these  measurements.  In  the  field,  the  system  generslly 

performed  according  to  spucif icationa  In  all  modes  of  opsration. 
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PIQURB  2.  TRANSMITTANCE-WAVELENGTH-TIMB  DIBPLAV.  Illustration  shows 

spectral  scans  durin9  Trial  16)  white  phosphorus  r  100%  RH. 

Courtesy  Dr.  H.  Farmer,  The  University  of  Tennesee  Space  Institute. 
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FIGURE  4.  DEPLOYMENT  OP  TRANSMlSSOME'i’ER  AT'  TEST  SITE.  (Top)  Source  at 
left  and  receiver  optical  head  at  right.  (Lower  Left)  Cloaeup  of  source 
and  temperature  controller.  (Lower  Right)  Oloseup  oJ  Optical  Head. 

UNCUSSIRUD 


UNCLASSIFIED 


flPDLYl-l. DRT 


FIGURE  7.  SPECTRAL  SCAN  OP  SAME  POLYETHELENE.  SOAtl  wat  mad*  with 

Nark  II  tranamlaaomattr  aystam. 
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